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Preface 

The most convenient method of ascertaining the relative heights 
of two mountains is generally by reference to a table of measured 
altitudes. In order to use the table, it is not necessary to under¬ 
stand the principles of triangulation by which the altitudes have 
been determined. So, also, a table of the energies of the elements 
in their various oxidation states niay be used by one with a very 
elementary knowledge of thermodynamics to answer many of the 
qualitative questions involved in the interpretation of inorganic 
chemistry. 

In making this summary of existing data, the author has 
adopted the point of view of one interested in the chemistry of 
the various elements, rather than the point of view of one whose 
interest is largely in thermodynamics as a science. The author 
hopes that readers of the latter class, who are disappointed at the 
frequent inclusion of approximate data, will find in these obvious 
shortcomings an incentive for careful investigations in the near 
future. Much of the older work should have been recalculated 
by modem methods, but the labor involved is beyond the capacity 
of a single author. 

The free energies of the oxidation-reduction couples, taken 
with reference to the hydrogen couple, have been expressed as 
volts per equivalent, since this affords the simplest comparison 
of the relative driving power of the various couples. However, 
for completed oxidation-reduction reactions, the free energies 
have been given in calories, as the number of equivalents of 
electricity is-sometimes ambiguous. Solubility products and the 
dissociation constants of weak acids, bases, and complex ions 
have been included whenever the data were available. 

The author, in calculating many new free energies from reaction 
heats, has drawn largely upon his own experimental work on the 
entropies of solids and aqueous ions. Our present knowledge of 
the entropy values permits the estimation of many entropies 
from the values of rimilar substances, and these estimates have 
frequently been employed in third-law calculations to obtain 
approximate reaction potentials. 
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Potentials have been given for many couples which are not 
thermodynamically reversible. These values, of course, cannot 
be used in equilibrium reasoning. However, these poten'tials are 
of value in indicating the minimum energy which must be em¬ 
ployed to accomplish the oxidation or reduction, and they often 
give considerable information regarding the possible reaction 
mechanisms and the cause of the slowness of the reactions. 

In some cases it would be valuable to list potentials for couples 
at 1 M concentration, rather than list the values. However, 
these molal potentials are not so useful as one might at first think. 
They can be used accurately only at 1 Af concentration; and, if 
an approximate value is desired, the without corrections for the 
activity might as well be used. 

References have been given for all values employed. These 
references may usually be consulted for additional references to 
older works. The author has endeavored to include in his refer¬ 
ences all works published up to 1938. 

Some mention should be made of the author^s attempt to avoid 
the confusion existing with regard to the use of the term valence. 
This term has been restricted to mean, in the organic chemistry 
sense, the number of bonds (electron pairs) which an atom shares 
with other atoms. Such a usage renders the terms covalence and 
coordination number unnecessary but requires additional nomen¬ 
clature to designate the charge upon an atom. In many cases 
this charge is a readily determinable number as, for example, the 
charge of — 1 on chloride ion. This charge will be called the polar 
number. In a large number of compounds the polar number of 
each atom cannot be readily determined experimentally, but a 
fair approximation is obtained by assuming that the two electrons 
of a bond are shared equally between the two atoms. On this 
basis the charge upon the sulfur atom in sulfate is +2 and that 
upon each oxygen is — 1. The term/orrmiZ polar number has been 
suggested for the charge estimated in this manner. 

However, for the purpose of classification, a still more arbitrary 
method of assigning values to the charges upon the atoms of a 
compound has proved extremely useful. As an example, we may 
again use the sulfate ion. This method assumes that each oxygen 
has a charge of —2, which then gives a charge of +6 to the sulfur. 
These assumptions not only simplify the classification of com¬ 
pounds but are also valuable in the interpretation of oxidation- 
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reduction reactions. Thus, the +6 charge on the sulfur may be 
correlated with the six electrons involved in the half-reaction 
for the oxidation of sulfur to sulfate, 

S + 4 H 2 O = 8H+ + SOr - + 6e~. 

Similar half-reactions may be written for the oxidation (or 
reduction) of any free element to any of its compounds, and the 
number of electrons involved in the reaction may be used to 
define the oxidation number or oxidation state of the element. 

To summarize the illustration of nomenclature for the sulfate 
example, we may state: the valence of the sulfur is four; the 
polar number is unknown, but the formal polar number is +2; 
and the oxidation state is +6. 

The author owes much to the spirit of cooperation which has 
been so carefully fostered in this department by Professor Gilbert 
N. Lewis. In the author^s opinion there is no man who has such a 
complete understanding of the mechanism of inorganic reactions 
as does Professor William C. Bray, and he is especially indebted to 
Professor Bray for the advice so willingly given on many problems. 
The author wishes to thank both the many graduate students 
who have read and criticized the manuscript and Dr. George G. 
Manov for his recalculation of many of the free energies. 


Wendell M. Latimer 
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CHAPTER I 


Units, Conventions, and General Methods 
Employed in the Determination of 
Oxidation-Reduction Potentials 

As stated in the Preface, the primary object of this work is to 
gather together the large mass of free-energy data which is scattered 
throughout the literature and to present it in a simple form as an 
aid in the interpretation of inorganic chemistry. Although the 
author does not wish to stress in detail the methods by which these 
data have been obtained, it seems desirable, for the sake of clarity, 
to discuss in a preliminary chapter general methods and to give 
references to more detailed treatments. 

The potentials have been derived from four sources: (1) the 
direct measurement of cells, (2) equilibrium data, (3) thermal 
data, and (4) approximate limiting values based upon the chemical 
behavior of a couple with respect to known oxidizing and reducing 
agents. Before outlining these methods, a statement of the 
energy units employed and the general conventions in nomencla¬ 
ture will be given. 

Energy units. The unit of potential employed is the inter¬ 
national volt. This is related to the absolute volt by the equation, 

1 volt (international) = 1.0004 volts (absolute). 

The international joule, defined by the international units for the 
volt, ampere, and ohm, is the unit of energy. When it is desired to 
express energies in calories, the defined calorie used by Bichowsky 
and Rossini^ has been employed. 

1 calorie (defined) == 4.1833 joules. 

Other units which enter into various calculations are: 

0® Centigrade == 273.15® Absolute or Kelvin, 

1 Faraday == 1 equivalent = 96,494 coulombs (international), 

1 volt equivalent == 23,066 calories (defined), 

R (gas constant) = 8.3118 joules (international) per degree per 
mole. 

^ Bichowsky, F. R., and Rossini, F. D., Thermochemistry of the Chemical 
Substances (Reinhold, New York, 1936), p. 9. 
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Temperature. Unless otherwise stated, all potentials are given 
for the temperature of 25^ C. or 298.15® K. The choice of the best 
value for 0® C. on the absolute scale is difficult. The value 273.1 is 
certainly too low. It is to be hoped that some definite agreement 
on the value to be used will be reached in the near future. 

£® values. A potential is referred to as an j&® value if all gases 
involved in the reaction are at a fugacity (thermodynamic pres¬ 
sure) of 1 atmosphere and all dissolved substances at an activity 
(thermodynamic concentration) of 1 molal, i.e.y 1 mole per 1000 
grams of water. 

The potential, Ey at other concentration and pressures at 25® C. is 
given by the expression: 


E = E^ 


0.05914 

n 


loglO Qy 


( 1 ) 


where Q is the product of the activities (or fugacities) of the result¬ 
ing substances divided by the product of the activities of the 
reacting substances, each activity raised to that power whose 
exponent is the coefficient of the substance in the chemical equa¬ 
tion; and n is the number of Faradays of electricity involved in the 
reaction as written. Thus Q has the same general form as the 
equilibrium constant, but it differs in that the activities refer not 
to the equilibrium state but to the actual activities of the reacting 
substances and their products. Activities of pure solids and liquids 
are taken as unity. For the equilibrium state, Q becomes the 
equilibrium constant, Ky and since E for a reaction at equilibrium 
is zero, 


jB® 


0.05914 

n 


logX. 


( 2 ) 


Hydrogen reference couple. Any oxidation-reduction reaction 
may be broken up into two ‘ffialf-reactions'^ or ‘‘couples^' that 
indicate the mechanism by which the electrons are transferred 
from the reducing agent to the oxidizing agent. For example, 
in the reaction, 

2Ag+ + H2 - 2Ag + 2H^ 


the two haff-reactions, or couples, are: 


Ag = Ag^" + e~y and 
Ha = 2H+ + 2e-, 
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The experimental determination of the absolute potential of any 
couple is a different problem (cf. p. 21), but since any chemical 
reaction involves only the difference in potential between two 
couples, the absolute values are unnecessary. For this reason the 
procedure has come into general use of choosing the potential of 
some one couple as an arbitrary zero and using this as a reference 
couple for potentials of all other couples. The reference couple so 
chosen is the hydrogen gas-hydrogen ion couple: 

H 2 - 2H+ + 2c-, -- 0 

Reactions which involve hydroxide ion will also be referred to 
the hydrogen couple, but in such solutions this couple has the 
form (cf. p. 28), 

H 2 + 20H- = 2 H 2 O + 2c- - 0.828 

The values of half-reactions in alkaline solution will be desig¬ 
nated as Eb to indicate that this basic potential of the hydrogen 
couple must be used to obtain the completed reaction potential 
against hydrogen. 

Example 

Cl- + 20H- = CIO- + H 2 O + 2c-, El = -0.94 

CIO- + H 2 = Cl- + H 2 O, = 0.83 + 0.94 

= 1.77 

Conventions regarding sign. All couples will be written with 
the electrons on the right hand side of the equation. A positive 
value for E° will mean that the reduced form of the couple is a 
better reducing agent than H 2 . For example, 

Zn = Zn^-+ + 2c-, E^ = 0.762 

will mean that the reaction, 

Zn + 2H+ = Zn++ + H 2 , 

goes as written with a potential of 0.762 volts. And similarly a 
negative will mean that the oxidized form of the couple is a 
better oxidizing agent than H+. For example, 


Cu = Cu++ + 2c~ 


E^ - -0.345 
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will mean that the reaction, 

Cu++ + == Cu + 2H+ 

goes as written with a potential of 0.345 volts. 

The convention, illustrated in these examples, of giving a positive 
sign to the potential of any complete reaction, which goes spon¬ 
taneously in the direction as written, will be followed. 

Addition or subtraction of half-reaction potentials. When one 
half-reaction is subtracted from another to give a complete reac¬ 
tion, the potential of the complete reaction is the algebraic 
difference in the potentials of the two halfrreactions. 

Example 

Zn ^ Zn++ + 2c- = 0.762 

2Ag = 2Ag+ + 2c- = -0.799 

Zn + 2Ag^- = Zn-H- + 2Ag = 1.561 

However, in the addition or subtraction of two half-reactions to 
give a third half-reaction, the free energies, f.c., volt equivalents 
of the two half-reactions must be added or subtracted to give the 
free energies of the third half-reaction. 

Example 

E^ 

Cl- + 3 H 2 O = C 103 “ + 6H+ + 6c- -1.45 

Cl- = iCb + c- -1.36 

iCb + 3 H 2 O = ClOa- + 6H+ + 5c- -1.47 

Potentials from Galvanic Cells 

Cells without liquid junctions. The potential of a fairly large 
number of reactions may be measured directly in cells having a 
single electrolyte. Thus, for the reaction 

2AgCl + H 2 = 2Ag + 2H+ + 2C1- 
having as half-reactions. 


Volt 

equivalents 

-8.70 

-1.36 

-7.34 


Hf = 2H^ + 2c- and 


AgCl + c- = Ag + C1-, 
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a cell may be constructed, using as one electrode metallic silver in 
contact with silver chloride, and as the other electrode hydrogen 
gas in contact with hydrogen ion on a platinum surface. The 
electrolyte throughout the cell may then be hydrochloric acid and is 
uniform except for the slight solubility of silver chloride. The 
two electrode reactions must be reversible and reasonably rapid. 
On many surfaces the hydrogen couple does not meet this require¬ 
ment, but the reaction is sufficiently catalyzed by a platinized 
platinum surface. In the construction of any cell, the reducing 
and oxidizing agents must not come into direct contact with each 
other. Moreover the reducing agent must be the strongest reduc¬ 
ing agent present at the anode and the oxidizing agent must be the 
strongest oxidizing agent present at the cathode. These require¬ 
ments are met by the above cell with the exception that, if air is 
not excluded, the oxygen is a stronger oxidizing agent than silver 
chloride. However, its action is slow under these conditions and 
its exclusion from the cathode is therefore not necessary in this 
case. 

From the electromotive force of this cell at any given concentra¬ 
tion of hydrochloric acid and pressure of hydrogen, the value 
may be calculated from equation (1), if the activities of the 
hydrogen and chloride ions are known. Strictly speaking, it is 
not possible to measure the activity of an ion of one sign inde¬ 
pendently of the ion of opposite sign, so the information required 
is the mean activity, a±, of the two ions. By definition, the 
activity coefficient, y, is the ratio of the mean activity to the mean 
molality, mi. That is,. 


flzh 

jre±‘ 


(3) 


At infinite dilution, the activity Equals the molality and y equals 1; 
and for each type of salt, the mean molality is defined in such a 
way that the ratio approaches unity at infinite dilution (cf. Ap¬ 
pendix IV). If the potential measurements are carried out in 
dilute solutions, one may assume the concentration equal to the 
activity and calculate approximate E® values. However for the 
highest accuracy it is necessary to determine the y values, and 
Appendix IV should be consulted for general references dealing 
with these experimental procedures. Fairly complete values of y 
for various types of salts are also given in this appendix, and the 
following example illustrates their use in calculating values* 
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The measured potential of a silver, silver chloride-hydrogen ion, 
hydrogen cell at a hydrogen pressure of 0.962 atmospheres and a 
molality of 0.100 for the hydrochloric acid is 0.3516 volts. The 
7 for the molality of this acid is 0.796. Assuming the hydrogen 
to be a sufficiently perfect gas so that no correction need be made 
for deviations from the gas laws, one may then write the reactions, 

AgCl + = Ag + Cl- + H^- 

0.3516 = E° 

E° = 0.2221 for the reaction and 
Cl- + Ag = AgCl + E^ = -0.2221 

The activity coefficient may be thought of as the thermo¬ 
dynamic ionization constant, but the modern theory of strong 
electrolytes assumes that they are completely ionized, in the sense 
that the ions are capable of independent motion and that the 
apparent nonionization results from the forces acting between an 
ion and its neighbors in general rather than its attraction to any 
particular ion. The Debye and HtickeP theory has been very 
successful in calculating activity coefficients from the electrostatic 
forces in very dilute solutions. At high concentrations other 
factors enter, such as the force of repulsion between the large 
hydrated ions or the change in the hydration of the ions, and the 
activity coefficient often becomes greater than unity or the ap¬ 
parent ionization greater than 100 per cent. The theoretical 
treatment of the concentrated solutions is still incomplete. Ap¬ 
pendix IV should also be consulted for a discussion of the principle 
of ionic strength. 

Cells with liquid junctions. Many cells may be constructed 
which have one electrolyte around the cathode and another around 
the anode. The familiar zinc-copper gravity cell is an example, 
the anode consisting of zinc in a solution of zinc sulfate and the 
cathode of copper in a copper sulfate solution. The accurate 
evaluation of the E° potentials for such cells involves the same 
general problem of the activity coefficients discussed in the pre- 

* Debye, P., and Huckel, E., Phys. Z., 24, 185, 305 (1923). Cf. also the 
review by La Mer, V. K., Trans. Am. Electrochem. Soc., 61, 507 (1927). 


0.05914 aH+aci- 
-logio r 


0.05914 logi 


(0.796 X 0.1)* 
(0.962)f 
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vious section, together with the added difficulty of determining 
the potential which exists at the junction of the two electrolytes. 
For the simple case of .salts of monovalent positive and negative 
ions, good theoretical evaluations of the liquid junction potential 
may be made,^ but with many electrolytes the problem is a 
difficult one.** A bridge of concentrated potassium chloride often 
reduces the liquid potential to a few millivolts. 

Potential Values from Free Energies and Equilibrium Constants 

The free energy AF of a chemical reaction is the maximum 
available work which can be obtained in going from the initial 
to theffinal state, and is related to the reaction potential by the 
equations: 

AF(joule) = -F-n* 96,494 (4a) 

AF(cal.) = -E-n2Zfim (4b) 

The symbol AF° is used when all the reacting substances are at 
unit activity. The free energy of formation of a substance (often 
called simply the free energy of the substance) refers to its forma¬ 
tion from its elements, and the free energies of all elements and 
are taken as zero in their standard states of unit activity. 

Example 

IH2 + IN2 + f02 - H+ + NO3-- AF^ = -26,250 cal. 

AF° of formation of NOg" — F^oa- = —26,250 cal. 

The free energy of a reaction is the sum of the free energies of 
formation of the products of the reaction, less the sum of the free 
energies of formation of the reacting substances. 

Example 

31- + H2O2 + 2H+ = Ir + 2H2O 

AF" = FiV + 2F^,o - 3Ff- - F&,02 ~ 2F&-. 

= (-12,290) + 2(-56,690) - 3(-12,333) 

- (-31,470) - 2(0) 

_ = -57,201 cal. 

* Macinnes, D. A., International Critical Tables, VI, 338. 

* Lewis, G. N., and Randall, M., Thermodynamics and the Free Energy of 
Chemical Substances (McGraw-Hill, New York, 1923), p. 333. 
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The E® for the reaction may then be calculated from equation (4b). 


The relation between the free energy of a chemical reaction 
and the equilibrium constant is: 


AF 


-RT\n^, 


( 6 ) 


where R is the gas constant, T the absolute reaction temperature, 
K the equilibrium constant, and Q a constant which has the same 
form as K but in which the concentrations refer to the actual 
values for the substances in the reaction. When all substances 
are at unit concentration, Q = 1 and AF == AF^. 


AF° = -RT In K 
A/^°298.i6(cal.) = —1364.0 logioif 


(6a) 

(6b) 


A knowledge of the equilibrium constant thus permits the calcu¬ 
lation of AF^ and E^. 


Example 


For the reaction, 

2Cla + 2 H 2 O = 02 + 4C1- + 4H+, 

the equilibrium constant has been determined at 25® C. as 1.122 X 
10®. Hence, 

AF^ = -1364.0 logioiC = -12,344 cal. 


12,348 
4 X 23,066 


0.134 volts. 


Potential Values from Thermal Data 

When zinc dissolves in hydrochloric acid, or to make the condi¬ 
tions more exact, in hydrochloric acid containing some definite 
concentration of zinc ion, the chemical energy, with the exception 
of the small amount of work which is done against the atmospheric 
pressure, is converted into heat. This heat is called the heat of 
the reaction or the change in heat content, AH, and differs from 
the free energy or the reversible energy by a quantity called the 
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'^irreversible energy/^ which is equal to the absolute temperature 
times the entropy of the reaction, AaS. 

AF = AH ~ TAS (7) 

AF® and may then be calculated if the corresponding AH® 
and AS^ values are known. 

Reference should be made to standard works on thermal chem¬ 
istry® for the general calorimetric methods employed in the experi¬ 
mental determination of AH®. For the calculations in this book 
the author has used very largely the values summarized by 
Bichowsky and Rossini.® They have chosen 18® C. as their basic 
temperature. In many cases the correction to 25® C. is less than 
the experimental error in AH, but when accurate specific heat 
data are available the corrections have been made. 

The entropy, /S®, of a pure solid at 298.15® C. is given by the 
equation, 

r298.15 

>S® = / C^dlnT + Ring, (8) 

where Cp is the specific heat at constant pressure and g the number 
of detailed states or the multiplicity of the solid when cooled to 
absolute zero. For all substances, Cp becomes zero at very low 
temperatures and if the substance in its lowest energy level has 
but a single configuration, g then equals unity and the entropy of 
the substance at the absolute zero is zero. 

The italicized clause is a statement of the Third Law of Thermo¬ 
dynamics. The validity of this law, which has been the subject 
of much controversy during the past two decades, can no longer 
be doubted. Its application has made possible the experimental 
evaluation of absolute entropies from specific heat measurements 
and thus the calculation of AF® and F® from thermal data by 
equation (7). At least half of the free energies which we shall 
employ have been computed by this method. 

Figure 1 gives a typical plot of Cp against log T. The area 
under the curve is a graphical integration of the integral in 
equation (8), and hence the entropy of barium sulfate at 298® K. 

* Thomsen, J., Thermochemische Untersuchungen (Barth, Leipzig, 1886). 
Rossini, F. D., U. S. Bur. Standards Research Paper 686 (1934). 

• Bichowsky, F. R., and Rossini, F. D,, Thermochemistry (Reinhold, 
New York, 1936). 
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It is obvious from equation (8) that caution must be observed in 
applying the third law to substances which may have multiplicity 
in this lowest energy state. Investigations of large numbers of 
substances have now indicated fairly well the types of compounds 
in which this may be true. 

To obtain the entropy of a substance which is liquid at 25® C., 
it is necessary to determine the entropy of the solid at the melting 
point, the entropy of fusion (heat of fusion/absolute temper¬ 
ature) and the Cp— log T curve for the liquid. Similarly, for a 
gas, the additional information needed is the entropy of vapori¬ 
zation and the Cp —log T curve for the gas. 



0l__ \ _!_1_1_I 

1.0 1.5 2.0 2.5 

LogT 


Fig. 1.—Molal heat capacity of BaSOi against log of absolute temperature. 


For a number of comparatively simple gas molecules, spectro¬ 
scopy has supplied complete information in regard to the number 
of quantum states and their energies. By purely statistical 
methods the entropy of such gases may be calculated from these 
data.^ The spectroscopic entropies have been a very valuable 
check on the corresponding values calculated from specific heat 
data® and have served to show the types of molecules which have 
multiplicity at absolute zero, or rather, the molecules in which 
transitions to the lowest state do not occur in the temperature 
range used for specific heat measurements. 

Extensive use has been made of the entropies of the aqueous 
ions which have been determined by the author and his co-workers.® 


^ Giauque, W. F., J. Am. Chem. Soc., 62, 4808 (1930). 

« Eastman, E. D., Chem. Rev., 18, 257 (1936). 

® Latimer, W. M., Schutz, P. W., and Hicks, J. F. G., Jr., J. Chem. 
Phys., 2,82 (1934). Latimer, W. M., Chem. Rev., 18, 349 (1936). Latimer, 
W. M., Smith, W. V., and Pitzer, K. S., J. Am. Chem. Soc., 60,1829 (1938). 
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These entropies have been obtained from the entropies of com¬ 
pounds at 25° C. and their entropies of solution as calculated 
from the heats and free energies of solution by equation (7). 
The heats of formation are known for many substances in solution 
for which it has been impossible to determine the free energies by 
electromotive force or equilibrium methods because of the slow¬ 
ness or irreversibility of the reactions. A knowledge of the en¬ 
tropy values has thus made available these thermal data for the 
calculation of reaction potentials. For the most reliable data, the 
accuracy obtairKxl is of the order of 0.001 to 0.01 volts. In some 
cases, however, tlie errors in the heats of reaction may run as 
high as 2000‘calories per equivalent which would give errors of 
0.1 in the potentials. The various experimental entropy values 
are summarized in Appendix -V. The entropy of a substance 
wdiich has not been determined experimentally may be closely 
estimated from the values of a similar substance, and in many 
cases such values have been used. 

The following example will serve to illustrate the use of thermal 
data in potential calculations. 

Example 

I-H 2 + AgCl(s) = ID + C1-- + Ag(s) 

= -9600 cal. 

AS° = >Sh+ + Sci- + SAg — |*Sh2 ~ ^Agci 

= 0 + 13.5 + 10.2 - i X 31.2 - 23.0 = -14.9 
AF° = -9600 - 298.15 X (-14.9) = -5155 cal. 

— 

Hence, 

Ag(s) + Cl- = AgCl + C-, £'° == -0.223 volts. 

Estimation of Potential Values from Chemical Evidence 

For the interpretation of inorganic chemistry, the knowledge 
of the approximate value, say within 0.2 volts, of an oxidation- 
reduction couple is often as valuable as a potential given to a 
thousandth of a volt. There are many reactions for which every 
type of thermodynamic data is lacking but for which there is 
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sufficient chemical data, in the form of reactions with oxidation- 
reduction couples of known potentials, to fix the value within 
narrow limits. 

A single example will serve to illustrate the method. Samarous 
ion, Sm++, reduces water readily, and the sulfate SmS 04 acts 
slowly. Since the size of samarous ion is about that of barium 
ion, the solubilities of the sulfate should be about that of barium 
sulfate, roughly 10“* moles per liter. Hence the couple, 

Sm++(10"*M) = Sm+++ + e-, 
is more positive than the couple, 

^Hj = H+(10"'M) + e-, = 0.414 

Correcting for the low concentration of Sm++, we obtain 

AE = -0.059 log 5 -^— = 0.059 X 5 = 0.30. 

One can then say that the samarium couple is somewhat more 
positive than 0.71, probably about 0.8. 

Sm++ = Sm+++ + 


= caO.8 



CHAPTER II 


Ionization Potentials, Electron Affinities, 
Lattice Energies, and their Relation to 
Standard Oxidation-Reduction Potentials 

The values for the ionization potentials and the electron 
aflSnities of the elements have contributed much to the interpre¬ 
tation of many t 3 rpes of chemical reactions, and it is important 
to consider the relation of these quantities, obtained for the 
monatomic gas atoms, to the oxidation-reduction potentials of 
the elements and their compounds in their standard states at 
25® C. It is also interesting to see to what extent the atomic 
energies can be used to answer such questions as why silver is a 
noble metal and sodium basic or why fluorine is more electro¬ 
negative than iodine. 

Ionization potentials. The analysis of atomic line spectra has 
provided highly accurate values for the ionization potentials. 
For most atoms the potential required to remove one or all of 
the valence electrons is known, and it is known in some cases for 
electrons from the closed shell lying below the valence electrons. 
A summary of these potentials is given in Table 1^ (see p. 14). 

Some interesting relations may be observed in the first ioniza¬ 
tion potential of the various atoms. The value depends upon 
the type of electron, 5, p, d, or/; upon the total quantum number; 
and upon the number of electrons already in the uncompleted 
shell. * It will be seen that maximum potentials are attained for 
the noble gases, with the completion of the Is shell for helium 
and of the eight electrons of the s and p groups for the other gases; 
and the minimum potentials occur in the alkali metals which 
have but a single s electron in the valence shell. The first p 
electron has a slightly lower value than the preceding s electron, 
and the potentials for succeeding p electrons rise rapidly, with 
the exception of a slightly lower value for the fourth p electron. 
For the process of filling up the d and / groups, the potentials are 

^Herzberg, G., Atomic Spectra and Atomic Structure (Prentice-Hall, 
New York, 1937), pp. 200-201. 
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Table 1 

IONIZATION POTENTIALS OF THE ELEMENTS 
(Values are expressed in volts. Uncertain values are indicated by ~.) 


Element 

I 

11 

III 

IV 

V 

1 H 

13.527 

— 

— 

— 

— 

2 He 

24.46 

54.14 

— 

— 

— 

3 Li 

5.363 

75.26 

121.8 

— 

— 

4 Be 

9.28 

18.12 

153.1 

216.6 

— 

5B 

8.257 

25.00 

37.75 

258.1 

338.5 

6 C 

11.217 

24.27 

47.65 

64.22 

390.1 

7 N 

14.48 

29.47 

47.40 

77 

97.43 

80 

13.550 

34.93 

54.87 

76.99 

113 

9 F 

17.34 

34.81 

62.35 

86.72 

113.67 

10 Ne 

21.45 

40.9 

63.2 

. 

— 

11 Na 

5.12 

47.06 

70.72 


— 

12 Mg 

7.61 

14.96 

79.72 

108.9 

— 

13 Al 

5.96 

18.74 

28.31 

119.37 

153.4 

14 Si 

8.12 

16.27 

33.35 

44.89 

165.6 

15 P 

10.9 

19.56 

30.0 

— 

64.70 

16 S 

10.30 

23.3 

34.9 

47.08 

63 

17 Cl 

12.952 

23.67 

39.69 

53.16 

67.4 

18 A 

15.68 

27.76 

40.75 

—61 

—78 

1 

19 K 

4.318 

31.66 

46.5 

— 

— 

20 Ca 

6,09 

11.82 

50.96 

69.7 

— 

21 Sc 

--6.7 

—12.8 

24.61 

-73.9 i 

97.0 ^ 

22 Ti 

6.81 

—13.6 

—27,6 

42.98 

—99.6 

23 V 

6.71 

14.1 

—26.4 

—48 

—65 

24 Cr 

6.74 

i —16.6 

— 

— 

-73 

25 Mn 

7.41 

1 15.70 

— 

— 

—76 

26 Fe 

7.83 

16.16 

_ 

— 

— : 

27 Co 

7.81 

17.3 

— 

— 

— i 

28 Ni 

7.61 

18.2 

— 

— 

— I 

29 Cu 

7.68 

20.2 

— 

( __ 1 

! 1 

— 

30 Zn 

9.36 

17.89 

40.0 


— 

31 Ga 

5.97 

20.43 

—30.6 

63.8 

— 

32 Ge 

8.09 

15.86 

34.07 

45.5 

93.0 

33 As 

10.5 

20.1 

28.0 

49.9 

62.5 

34 Se 

9.70 

21.3 

33.9 

42.72 

72.8 

35 Br 

11.80 

19.1 

25.7 

— 

— 

36 Kr 

13.93 

—26.4 

36.8 

—68 

-- 
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Table 1 (Continued) 

IONIZATION POTENTIALS OF THE ELEMENTS 
(Values are expressed in volts. Uneertain values are indicated by ~.) 


Element 

I 


j III 

1 IV 

V 

37 Rb 

4,1.59 

27.36 

—47 

—80 

_ 

38 Sr 

5.667 

10.98 


i 


39 Y 

--6.5 

12.3 

20.4 

_ 

_ 

40 Zr 

6.92 

13.97 

24.00 

33.8 

— ; 

41 Cb 


__ 

24.2 

— 

49.3 

42 Mo 

7.35 

— 

* — 


60.8 : 

45 Rh 

7.7 

— 

— 

— 

— 

46 Pd 

8.3 

19.8 

-- 

— 

---- 

47 Ar 

7.54 

21.4 

35.9 

_ 

_ 

48 Cd 

8.90 

16.84 

38.0 

— 

— 

49 Ill 

5.76 

18.79 

27.9 

57.8 

— 

50 Sn 

7.30 

-^14.5 

30.5 

39.4 

80.7 

51 Sb 

— 

--18 

24.7 

44.0 

55.5 

52 Te 

8.96 

— 

30.5 

37.7 

60.0 

53 I 

10.6 

19.4 

— 


— 

54 Xe 

12.08 

~21.1 

32.0 

-46 

—76 

55 Cs 

3 87 

23.4 

—35 

—51 

—58 

56 Ba 

5.10 

9.95 




57 La 

5.6 

11.4 

—20.4 1 

— 

— : 

58 Ce 

I 6.54 

14.8 

— 

—36.5 

; 

62 Sm 

— 

11.4 

— 

— 

: 

63 Eu 

5.64 

11.4 


— 


76 Os 

~8.7 


—- 

— 

—• 

78 Pt 

8.88 


— 

— 


79 Au 

9.18 

19.95 

— 

— 

— 

80 Hr 

10.38 

18 65 

34.3 

—72 

—82 

81 T1 

6.07 

20.32 

29.7 

50.5 

— 

82 Pb 

7.38 

14.96 

—31,9 

42.11 

69.4 

83 Bi 

— 

16.6 

25.42 

45.1 

55.7 

86 Rn 

10.698 

— 

— 

— 

— 

88 Ra 

5.252 

10.099 

— 


— 

90 Th 



29.4 
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fairly constant, with just a slight but often irregular rise as the 
niunber of electrons in the group increases. The relations are 
shown graphically in Figure 2, which is taken from Herzberg.® 
Electron affini ties. The evaluation of the electron affinities of 
the electronegative elements, namely, the potentials for the 
capture of one or more electrons by the monatomic gas atoms, 
has been difficult inasmuch as the methods of line spectra have 
not been applicable. In a few cases direct determinations have 
been made as, for example, iodine—by Sutton and Mayer,* but 
most of the values given in Table 2 have been obtained by indirect 
calculations.^ (Cf. lattice energies below.) 


Table 2 

ELECTRON AFFINITIES 


Element j 

Volta 

Element 

Volta 

H + e- = H- 

-0.08 

OH- e- = 0- 

2.2 

F -f = F~ 

4.13 

8 4- e- « S- 

2.8 

Cl + e- « Cl- 

3.75 

0 H- 2e" « 0-’ 

-7.3 

Br -|“ = Br" 

3.53 

S H- 2e- « S— 

-3.4 

I = I~ 

3.22 




Reactions at 26® C. Unfortunately for the direct application 
of ionization potentials and electron affinities to the general 
problem of chemical-free energies, most elements and their ions 
do not exist at room temperatures as monatomic gases. More¬ 
over when one attempts to use the data for the gaseous atoms to 
calculate reaction potentials under ordinary reaction conditions, 
there is usually at least one step in the process which is difficult 
to evaluate accurately. Two examples will be given to illustrate 
this difficulty. 

1. The energy of the reaction between silver and iodine, 

2Ag(s) + LCs) == 2AgI(s), (1) 

could be calculated as the sum of the following steps: 
Sublimation energy: 12(8) = LCg) 

Dissociation energy: LCg) = 21(g) 

»/6iU,p 217. 

• Sutton, P. P., and Mayer, J. E., J. Chem. Phys-, 3,20 (1935). 

•Mayer, J. E., andHelmholz, L., Z. Physik, 76, 19 (1932); Sherman, J., 
Chem. Rev., 11,94 (1932); Pauling, L., Phys. Rev., 29,285 (1927). See also 
value for hydrogen by Hylleraas, E. A., Z. Physik., 66, 209 (1930). 
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Electron affinity: 
Sublimation energy : 
Ionization energy: 
Lattice energy : 


21(g) + 26-(g) - 2I-(g) 
2Ag(s) = 2Ag(g) 

2Ag(g) = 2Ag+(g) + 2e-(g) 
Ag+(g) + r(g) = Agl(s) 


But the energy of the last reaction, the lattice energy (i.c., the 
energy required to separate the ions of solid silver iodide to 
infinity), cannot be directly determined. However, in a few 
cases the lattice energies (vide infra) can be theoretically esti¬ 
mated and used, with a series of reactions such as the above, to 
calculate reaction potentials. 

2. The energy of the reaction between hydrogen and chlorine 
to form hydrochloric acid in solution. 


lUg) + Cl 2 (g) = 2H+(aq) + 2Cl-(aq), (2) 


could be calculated as tlie sum of the following steps: 


Ionization knergy : 
Dissociation energy: 
Hydration energy: 
hlLECTRON affinity: 
Dissociation energy: 
Hydration energy: 


2H(g) = 2H+(g) + 2.-(g) 
IL(g) = 2H(g) 

2H+(g) = 2H+(aq) 

2Cl(g) + 2r.-(g) = 2Cl-(^ 

CL(g) = 2Cl(g) 

2CI-(g) = 2Cl-(aq) 


The two hydration energies cannot be obtained experimentally; 
hence the process is not a feasible method of determining the 
potential of the chlorine-hydrogen reaction. 

However, it is obvious that, if the energies of the two reactions, 
(1) and (2), are known, they may be used to calculate, in the first 
case, the lattice energy of the silver iodide, and in the second, 
the sum of the hydration energies of hydrogen and chloride ions. 
In this way the so-called experimental values for these quantities 
have been obtained. 

Lattice energies. When the values for these energies were first 
tabulated, it was evident that they were largely coulombic in 
nature, that is, they were roughly directly proportional to the 
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product of the changes of the ions and inversely to the distance 
between the ions in the solid. Born and Land^^ first attacked 
the problem of their theoretical evaluation as a purely electro¬ 
static calculation, assuming that the ions are held in equilibrium 
in the lattice by attractive forces which are coulombic and re¬ 
pulsive forces which change rapidly with the distance. Later 
workers have so refined the methods that, for the alkali halides 
at least, the theoretical values are probably better than the experi¬ 
mental, since the latter depend upon somewhat questionable data, 
for the electron affinities. In fact, the best values for the electron 
affinities are obtained by solving for them in series of equations 
such as those in example 1 and using the theoretical values for 
the alkali halide lattice energies. The data for Table 3 are those 
given by Mayer and Helmholz® for the alkali halides and by 
Sherman^ for the other compounds. The latter reference may be 
consulted for additional data. 


Table 3 


LATTICE ENERGIES IN KCAL. AT 0° K. 


luQ 

F- 

Cl" 

Br“ 

1“ 

0— 

Li^ 

240.1 , 

199.2 

188.3 

174.1 1 

693 

Na+ 

213.4 

183.1 

174 6 

163.9 ' 

__ 

K+ 

189.7 

165.4 

159.3 

150.8 

— 

Rb+ 

181.6 

160.7 

153.5 

145.3 


Cs+ 

173.7 j 

152.2 

146.3 

139.1 

__ 


223.0 1 

207.0 

204.0 

202.0 

715 

Cd+^ 

662.0 * 

— 

— 

563.0 

911 


Hydration energies. Since the energies of solution of solid 
salts are small in comparison to the large lattice energies, it 
follows that the lattice energy must be approximately the same 
as the sum of the energies of hydration of the two ions. In 
other words the water dipoles neutralize the electrical fields of 
the ions to about the same extent that the ions neutralize each 
other in the crystal, unless, as is sometimes the case, the negative 
ion is highly polarized in the solid. Any evaluation from experi¬ 
mental data always gives the sum of the hydration of the negative 

* Born, M., and Lande, A., Sitzber. konigl. preuss. Akad. Wiss. Berlin, 45 , 
1048 (1918). 

8 Mayer, J. E., and Helmholz, L., Z. Physik, 76, 19 (1932). . 

^ Sherman, J., Chem. Rev., 11, 94 (1932). 
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and positive ions. A summary of the data for the ions of a 
number of common salts is given in Table 4. 


Table 4 

ENERGIES OF SOLUTION OF GASEOUS IONS IN KCAL. AT IS** C. 
The values are for the sum of the positive and negative ions per mole at 

infinite dilution. 


Ion 

F- 

Cl~ 

Br- 

I- 

Li+ 

246.6 

208.8 

199.9 

189.1 

Na^ 

213.9 

182.4 

174.9 

165.5 

K+ 

194.6 

161.6 

154.5 

146.9 

Rb+ 

187.9 

156.4 

147.2 

138.8 

C8+ 

182.4 

147.4 

139.7 

131.1 

Ag^ 

227.0 

192.0 

— 

186.0 

Cd-^ 

— 

— 

— 

663.0 


Born® has pointed out that, if the ions be considered as spheres 
of radius, r, and of charge, e, the energy of solution should be 
given by the expression 



where D is the dielectric constant of the solvent. This expression 
is derived by taking the difference in the energy of the electric 
field of the ion in a vacuum and in the solvent. From it one 
could obtain the absolute values for the energies of hydration of 
the individual ions but its application is difficult because of the 
uncertainty in the magnitude of the radii of the ions in aqueous 
solution. These radii differ from the crystal lattice values since 
they refer to the distance from the center of the ion to the center 
of the water dipole. This distance is further complicated by the 
fact that for positive ions the oxygen of the water is directed in, 
while for negative ions it is the hydrogen end of the dipole which 
is attracted. Another obvious difficulty is the inconstancy of the 
dielectric constant in the high electrical field of the ion. 

However, it is a matter of considerable interest to obtain the 
individual ionic hydration energies, instead of the sums given in 
Table 4. A knowledge of the absolute potential of .a single 
electrode would permit such a calculation. With this in mind, 


• Born, M., Z. Physik, 1 , 45 (1920). 
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it is desirable to discuss the experimental determination of such 
potentials. 

Absolute electrode potentials. Probably the best determina¬ 
tion of absolute potentials is given by the Lippmann capillary 
electrometer.® This makes use of the ingenious assumption that 
the surface tension of a mercury surface, in contact with an 
electrolyte, is a maximum when no potential difference exists 
between the metal and the electrol 5 rte, i.6., when there is no 
charge upon the mercury. The electrometer consists of two 
mercury electrodes, with a common electrolyte—for example, 
potassium chloride containing a small amount of calomel. For 
one of the electrodes, the contact between the electrolyte and 
the mercury is made through a capillary tube. If a potential is 
applied across this cell, the mercury in the capillary falls if that 
electrode is made positive, but if it is made negative, the column 
rises to a maximum of about 0.56 volts and then falls again at 
higher negative potentials. The interpretation given is that the 
mercury is normally positive to the solution and a potential of 
0.56 volts is required to reduce it to the potential of the solution. 
If the height of the mercury in the capillary is plotted against the 
applied potential, one obtains a parabolic curve which is not quite 
symmetrical, indicating that the nature of the ion-absorption 
layer is different, depending upon whether it is positive or nega¬ 
tive. A controversy has continued for many years as to the 
validity of the results. However, the evidence seems reasonably 
conclusive^® that the absolute potential of the Hg-Hg 2 Cl 2 couple 
must be fairly close to 0.56 volts. 

Absolute hydration energies. This value may be used to cal¬ 
culate the energy of hydration of individual ions. Sodium will 
be used as an example. We have this result from the following 
equations: 

AF° in kcal. 


Hg + Cl-(aq) = iHg 2 Cl 2 + e-(Hg) 12.9 

^-(Hg) = e-(g) 104.0^^ 

iHg 2 Cl 2 + Na(s) = H g + Na-^(aq) •+ Cl"~(aq ) ~68.6^^ 
. Na(sy^ Na-^(aq) + e-(g) 'l8.3 


® Krtiger, F., and Krumreich, H.,.Z. Elektrochem., 19, 617 (1913). 

10 Cf. Baur, E., Z. Electrochcm., 88, 665 (1932). 

11 From the photoelectric long wave length limit. International Critical 
Tables, VI, 67. 

1* Cf. potentials for mercury and sodium, pp. 162 and 285 (Table 32). 
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The entropy^® for this reaction is AS == 1, hence AH^ = 48.6 by 
equation (7) of Chapter I. Then for the following reactions we 
have: 


A//° in kcaL 


Na(s) = Na+(aq) + c~(g) 48.6 

Na+(g) + o-(g) = Na(g) -119.4*^ 

_ Na(g) = Na (s)_ _-26^' 

Na'^(g) = Na+(aq) —96.8 


Having the hydration energy for a single ion, the values in 
Table 5 may be calculated from Table 4. 


Table 5 

APPROXIMATE VALUES FOR THE HYDRATION ENERGIES 
OF THE INDIVIDUAL IONS 
In kcal. per mole. 


Cs+ 

63 

Na-+- 

97 

I- 

68 

Ag+ 

113 

Rb^ 

70 

F- 

117 

K+ 

77 

Li+ 

123 

Br- 

78 


258 

Cl“ 

85 


427 


Factors which determine the magnitude of oxidation-reduction 
potentials. An analysis may now be made of the factors which 
determine whether a couple is electropositive or electronegative. 
Consider, for example, the question as to why sodium is a base 
metal and silver a noble metal. 


AH^ 

Na(s) == Na(g) 26 
Na(g) = Na+(g) 

+ e-(g) 118 

Na’^(g) = Na'^(aq) —97 
Na(s) = Na"‘’(aq) 47 kcal. 

+ e-(g) 


Ag{s) = Ag(g) 67 

Ag(g) = Ag^-(g) 

+ €-(g) 174 

Ag+(g) = Ag+(aq) -113 

Ag(s) = Ag+(aq) 128 kcal. 

+ e-(g) 


Latimer, W. M., Chem. Rev., 18 , 349 (1936). 
The ionization potential is corrected to AH 29 &* 
Sherman, J., Chem. Rev., 11,94 (1932). 
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These half-reactions as written contain the electrons as a gas, 
but that is unimportant for the comparisons. Since AH is posi¬ 
tive, the larger positive value for the silver means a smaller 
tendency fojp the reaction to go, and this larger positive value is 
the result not only of the higher ionization potential but also the 
higher sublimation energy and is only slightly offset by the 
greater hydration energy. 

Factors, then, which tend to make a metal noble are: (1) high 
ionization potential; (2) high sublimation energy, which is asso¬ 
ciated with high boiling point; and (3) low energy of hydration. 
In the case of silver, its noble character arises as much from the 
high value of factor (2) as from factor (1). 

By subtraction one obtains, 

Na + Ag*^ = Na.+ + Ag = —81 kcal. 

Because the entro{)y change for the reaction is very small, the 
free energy is approximately equal to the heat of the reaction, 
= 3.5 volts, in agrecanent with the measured reaction potential. 

As another example, consider the relative oxidizing power of 
fluorine and iodine. 




A//° 

^•F2(g) 

= F(g) 

32 

f'(g) + 

= F-(g) 

-92 


= F-(aq) 

-117 

zFaCg) + (g) 

= F-(aq) 

-177 kcal. 


= 1(g) 

26 

1(g) + c~(g) 

= F(g) 

-75 

I-(g) 

= I-(aq) 

-68 

-2-I2(h) + e-(g) 

= I-(aq) 

-117 kcal. 


These equations show that fluorine is the better oxidizing 
agent, in part because of the higher electron affinity, but prin¬ 
cipally because of the greater energy of hydration of the smaller 
fluoride ion. In general, a large electron affinity, large energy of 
hydration, and small energy of formation of the monatomic gas 
atom from the standard state will favor a high oxidizing potential 
for elements forming negative ions. 

An analysis of the factors which determine the oxidizing power 
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of the oxygen acids and their compounds is more difficult. A 
half reaction, such as that for permanganate, 

MnOr + 8H+ + Se- = Mn*^ + 4 H 2 O, 

can be broken up into a number of hypothetical steps: 

1. Energy of dehydration of Mn 04 “. 

2. Dissociation of Mn 04 “ into Mn+^ and 40 . 

3. Energy of hydration of Mn++. 

4. Energy of union of H+ and O to form water. 

5. Ionization of Mn^ to Mn"*-^. 

It is obvious that low values for 1 and 2 and high values for the 
others will favor high oxidizing power but at present it is impos¬ 
sible to evaluate several of these steps accurately. 

Proton affinities. The energy of the addition of a proton (hy- 
drygen ion) to a negative ion or neutral molecule is called the 
proton affinity. Juza^® has given the values summarized in 
Table 6. If one attempts to calculate these quantities as the 


Table 6 

PROTON AFFINITIES 
(All substances are gases.) 


Reaction 

kcal. 

N- 

+ = NH— 

ca 820 

NH— 

+ H+ « NHa- 

ca 660 

NHr 

-f H^ « NH, 

380 

NH, 

-f H+ » NH 4 -" 

200 

0 “ 

-f H^ - OH" 

ca 640 

OH- 

-f H-^ » H,0 

380 

H,0 

-f H^ = H,0+ 

170 

F- 

-h H+ » HF 

370 

ci- 

4 * H+ « HCl 

330 

Br- 

+ H+ « HBr 

320 

I- 

■f H^ « HI 

315 


coulombic energy of bringing two point charges, positive and 
negative, up to the known interatomic distances, the calculated 
energies are too small. Thus for HCl the calculated coulombic 
energy is about 250 kcal., and the experimental, 330 kcal. The 
difference represents the energy arising from the polarization of 
the negative ion or the energy of the bond (electron pair) forma- 

Juza, R., Z. anorg. allgem. Chem., 231,121 (1937). 
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tion. However, the coulombic picture is a very useful one in 
correlating the strength of the hydrogen compounds as acids. In 
general it may be stated; the ionization of the hydrogen acids 
increases ( 1 ) with increasing size of the negative ion, and ( 2 ) with 
decreasing charge on the negative ion. Thus HI is a stronger 
acid than HF and H 2 S is stronger than H 2 O because of the effect 
of the size. HF is stronger than H 2 O because of the effect of the 
charge. It also follows that if the negative element forms hydro¬ 
gen compounds of different oxidation states, the smaller the nega¬ 
tive number of the oxidation state, the stronger will be the acid. 
Thus H 2 O 2 is a stronger acid than H 2 O and N 2 H 4 is less basic 
than NHs. 

Acidic and basic oxides. The coulombic picture of the structure 
of oxides is also very useful in interpreting their acidic or basic 
properties. If the energy of attraction of a positive ion for oxide 
ion is small, the compound will ionize in water and since the 
oxide ion is completely hydrolyzed, hydroxide is formed. Thus 

for barium oxide, 

(+ 2 ) 

BaO + H 2 O = + 20H-. 

On the other hand, if the attraction of the positive ion for oxide 
is very great it tends to take on additional oxides. For example 

in the case of sulfur trioxide, 

(+ 6 ) 

SOs + H 2 O = SO 4 "- + 2H+. 

Representing this attraction of the positive ion for the negative 
oxide as largely coulombic, one may then state: the smaller the 
radius of the positive ion and the larger its charge (oxidation state) 
the more acidic will be the oxide, and conversely, the larger the 
radius of the positive ion and the smaller its charge, the more 
basic will be the oxide. 

This general principle is useful in correlating free energy changes 
with the periodic system. The only exceptions to the statement— 
that the heavier the member of a periodic family, the more basic 
its oxides—are to be found in the platinum metals. Here the 
energy of bond formation is so large that it overcomes the cou¬ 
lombic effect; and platinum oxide, for example, is less basic than 
nickel oxide. 

It should be evident from the discussion that no direct relation 
exists between the nobility of a metal (oxidation potential) and 
the acidic or basic properties of its oxides. 



CHAPTER III 


Hydrogen 

Hydrogen has but a single valence electron, and in the mon¬ 
atomic gas the electronic state is s^CSi). In addition to the 
isotope of mass one, molecular hydrogen and its compounds 
ordinarily contain appreciable quantities of the isotope of mass 
two, deuterium, and traces of the isotope of mass three. Thus 
ordinary water contains approximately one part in seven thousand 
of deuterium.^ Because of the mu(*h greater percentage differ¬ 
ences in the masses, these isotopes show a larger variation in their 
physical and chemical properties than do the isotopes of any 
other element. In fact, this is the only case where it will be 
necessary to consider differences in the thermodynamics of 
chemical reactions for two isotopes. 

The standard state of the element is the diatomic molecule in 
the equilibrium mixture of the two molecular species, ortho- and 
para-. These molecules differ in the orientation of the spins 
of the tw^o hydrogen nuclei; in the latter the spins are opposed and 
in the former, additive. At the temperature of liquid hydrogen 
the equilibrium mixture is almost completely parahydrogen, 
and at room temperatures the equilibrium mixture is an approxi¬ 
mately 3 to 1 mixture of ortho- and para-. Giauque^ has calcu¬ 
lated 96,700 cal. as the free energy of dissociation into the atoms 
at 25® C. AS® for the reaction is 23.57 cal. per degree and AH®, 
103,730 cal. 

The energy of the deuterium molecule differs from that of 
hydrogen of mass one largely in the energy of the zero vibrational 
state. For H 2 the zero point energy is 6183 cal. and for D 2 it is 
4394. The dissociation energy of D 2 is therefore 1.8 kcal. higher 
than that for H 2 .^ 

1 Cf. Gabbard, J. L., and Dole, M., J. Am. Chem. Soc., 69, 181 (1937); 
Lewis, G. N., and Macdonald, R. T., J. Chem. Phys., 1 , 341 (1933). 

* Giauque, W. F., J. Am, Chem. Soc,, 62, 4828 (1930). 

* Farkas, A., Orthohydrogen^ Parahydrogen and Heavy Hydrogen (Cam¬ 
bridge University Press, 1935), p. 155. 
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Oxidation states. The oxidation states of hydrogen are +1 
and —1. Acids and hydrogen ion are examples of the former. 
The compounds of hydrogen with highly electropositive elements, 
such as sodium and calcium, are true hydrides; and the oxidation 
state of the hydrogen is —I. In molten solution they give the 
hydride ion, H". This ion is oxidized at the anode upon elec¬ 
trolysis to molecular, hydrogen/ The hydride ion has the elec¬ 
tronic structure of helium and thus resembles the halides, all of 
which add one electron to form the noble gas type of ion. Between 
these two classes are many compounds, especially with carbon, 
in which two electrons are shared between the hydrogen and the 
other atom (covalence) and in which it is therefore ambiguous to 
talk of the oxidation state of the hydrogen. However, it is cus¬ 
tomary to refer to the oxidation state of hydrogeirin all compounds 
except the true hydrides as +1 without raising the question of 
the distribution of the electrons in the bond. 

The H 2 — H+ couple. As stated in Chapter I, the hydrogen 
couple is taken as the standard reference electrode, and its po¬ 
tential at unit fugacity of H 2 and activity of H“^ is arbitrarily 
set at zero. 

H 2 - 2H+ + 2e-, = 0.00 

By equation (1) (Chap. I) the potential in volts of the couple at any 
pressure, P, in atmospheres of H 2 and at any concentration, C, 
of H*^ in moles per lOOC g of water at 25° is. 

E = -0.05914 log 

Piu 

This equation is a good approximation in dilute solutions and at 
low hydrogen pressures, but for exact calculations the thermo- 
d 3 mamic concentration or activity and the thermodynamic 
pressure or fugacity must be used (cf. Chap. I). 

For the interpretation of reactions in aqueous solutions, it is 
important to know the potential of the hydrogen couple in pure 
water and in 1 Af OH“. These values may be calculated from 
the ionization constant of water at 25° C, For this constant 

* Bardwell, D. C., J. Am. Chem. Soc., 44 , 2499 (1922). 
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Lewis and Randall give 1.005 X lO'”^^ and Earned and Hamer* 
give 1.008 X 10“^*. We shall use the latter. 


H,0 = H+ + OH-, 

ii: = 1.008 X 10-M 

Hs = 2H+(10-W) + 2c-, 

E = 0.414 

H* + 20H- = 2HiO + 2c-, 

E° = 0.828 

From these values it follows that the reducing agent of a couple 
more positive than 0.414 should liberate hydrogen from water 
and of a couple more positive than 0.828 should liberate hydrogen 
from molal hydroxide solutions. In general then, it may be 
stated that the potential of the hydrogen couple may be corre¬ 
lated with the stability of reducing agents in water solutions. 
For example, of the two couples. 

Sn++ = Sn++++ + 2c-, 

= -0J5 

Crf+ = Cr+++ + e-. 

d 

il 

O 


it is obvious that Sn++ should not be oxidized by concentrated 
acid solution and that Cr^ is unstable in respect to the evolution 
of hydrogen even in low acid solutions. 

The hydrogen couple is reversible, but the rate at which equi¬ 
librium is reached is generally slow. The reaction of acids with 
metallic zinc may be cited as an example of the slowness of hydro¬ 
gen ion as an oxidizing agent. In this case, although there is a 
potential of 0.8 volts in favor of the oxidation of the zinc to zinc 
ion, there is no appreciable evolution of hydrogen with pure zinc 
in cold dilute acids. However if the zinc be touched with a piece 
of platinum, the reaction proceeds rapidly, with the evolution of 
the gas taking place on the surface of the platinum. In the 
electrolytic reduction of hydrogen at a cathode, it is possible to 
measure the excess voltage, over the reversible potential, which 
is required to liberate hydrogen. This excess voltage is termed 
overvoltage. Values for various experimental conditions are 
summarized in Table 7.® 

* Earned, H. S., and Hamer, W. J., J. Am. Chem. Soc., 2198 (1935). 

^ Table 7 is compiled from International Critical Tables, VI, 339; and 
from Handbuch der Physik, XIII, 564. 



Chap. Ill] 


HYDROGEN 


29 


Tabi^b 7 

OVERVOLTAGES OF HYDROGEN IN IM H 2 SO 4 IN VOLTS 


(Current density in amperes per cm®.) 


Cathode 

10“ 

10“ ® 

10“® 

10“ 1 

1 

Pt (black) 

.003 

.01 

0.03 

0.04 

0.05 

Pt 


.02 

0.07 

0.29 

0.68 

Au 

.12 

.24 

0.39 

0.59 

0.80 

Fe 

.22 

,40 

0.56 

0.82 

1.29 

Cu 

.35 

.48 

0.58 

0.80 

1.25 

Pb 

.45 

.52 

1.09 

1.18 

1.26 

Zn 

.55 

.72 

0.75 

1.06 

1.23 

Ni 

.20 

.56 

0.74 

1.05 

1.24 

Cd 

.65 

.98 

1.13 

1.22 

1.25 

Hg 

.60 

.78 

0.93 

1.03 

1.07 

C 

.29 

.55 

0.70 

0.89 

1.17 

Ag 

.30 

.48 

0.76 

0.98 

1.10 

A1 

.50 

.57 

0.83 

1.00 

1.29 


It will be observed that the overvoltage depends upon the 
elenment used as cathode, its physical condition, and the current 
density. The lowest overvoltage is observed with platinized 
platinum surfaces. This substance is therefore used as electrodes 
to obtain reversible hydrogen potentials. At higher temperatures 
the magnitude of the overvoltage decreases, the change being 
0.02 to 0,03 volts per each 10°. The net effect of the overvoltage 
phenomenon is to cause the hydrogen ion to act as though it were 
a much less powerful oxidizing agent, and hydrogen gas as though 
it were a much less powerful reducing agent, than the reversible 
potential would indicate. 

The explanation of the slowness of hydrogen reactions is to 
be found in the reaction mechanism. Thus the first step in the 
reduction of the hydrogen ion would appear to be the formation 
of atomic hydrogen. The potential of the hydrogen atom-hydro- 
gen ion couple may be calculated from the free energy of formation 
of atomic hydrogen, 48,350 cal., 

H = H+ + e- = 2.10 

The union of two hydrogen atoms, of course, supplies energy for 
the net reaction but the very high positive value for this atomic 
hydrogen-hydrogen ion couple acts as a potential barrier jwjiich 
the electron must cross before the reaction can proce^ \ 


^ Gurney, R. W., Proc. Roy. Soc., A134,137 (1931). 
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has given a quantum mechanical treatment of the probability of 
the leakage of an electron across the barrier and has obtained 
an expression which shows the dependence of overvoltage on 
current density and temperature. 

However the problem has another important chemical factor, 
namely, the reaction of the atomic hydrogen with the electrode 
metal to form a surface layer. The greater the stability of such 
a compound the lower will be the potential of this couple and the 
lower the potential barrier. 

2XH = 2X + 2H+ + 2c- 

2XH = H 2 + 2X _ 

H 2 = 2H+ + 26- 

The variation of hydrogen overvoltages with different metals will 
then depend upon the energy of formation of the surface hydrides. 
There is ample evidence for the formation of such hydrogen 
compounds, and the very high solubility of hydrogen in nickel, 
palladium, and platinum is associated with the catalysis of 
hydrogen (H 2 ) reactions by these metals and the low overvoltage 
for the cathodic reduction of hydrogen ion on their surfaces. 

The decrease of the hydrogen-ion concentration has but slight 
effect upon the overvoltage until it becomes so low that the 
formation of a hydroxide coating upon the metal surface changes 
markedly the nature of the electrode. 

The second ionization constant of water. The hydrolysis of 
oxide ion in water is so complete that no measurement of the con¬ 
centration of the unhydrolyzed oxide ion can be made. A very 
rough estimate of the hydrolysis can be obtained from the AH® 
of solution of sodium oxide in water, —- 55 kcal. This heat is the 
sum of the true heat of solution of the oxide and the heat of hy¬ 
drolysis. The corrected A//® of solution of sodium sulfide is 
— 15.5 kcal. and we estimate that the true heat of solution of 
sodium oxide is not over —25 kcal. This would make the heat 
of hydrolysis greater than —30 kcal. The entropy of the hy¬ 
drolysis is not large, so we may write, 

0— + H 2 O == 20H-, K > 10'' 

OH- = 0— + H+, K < 10"'® 

The hydride-hydrogen ion couple. Hydride ion rapidly re¬ 
duces water and is therefore unknown in aqueous solution. How- 
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ever, there are a number of calculations pertaining to the energy 
of the ion which are of interest. First, the free energies of the 
solid hydrides may be calculated, and from these the oxidation 
potentials of the solid hydrides determined. These calculations 
are summarized in Table 8. 


Table 8 

FREE ENERGIES AND POTENTIALS OF SOLID HYDRIDES 


Hydride 

AS° 

Air 

1 

Free energy 
i)f metal iim 

+ 2 H2 + n«- 

E’^ 

CalL 

-31.2 

-46,000 

-36,700 

- 132,700 

2.13 

SrIL i 

-31.2 

-42,100 

-32,800 

-133,200 

2.18 

BalL 

-31.2 

-40,800 

-31,500 

-133,850 

2.22 

LiH 

-15.C) 

-21,540 

-16,000 

-70.700 

2.33 

NaH 

-15.G 

-14,000 

-0,300 

-62,500 

2.31 

KII 

-15.6 

-10,000 

' -5,300 

-67,430 

2.69 

Rhll 

-15.G 

-12,000 

-7,300 

-68,800 

2.66 

CsH 

-15.6 

-12,000 

-7,300 

-70,280 

2.73 

Thll^ 

! -62.5 

42,800 

61,500 

-107,100 

2.80 


Only tlie entropy of calcium hydride has l:)oen accurately ob¬ 
tained experimentally, and in this case the entropy of the hydride 
is almost identical with that of the metal. In calculating the 
AS° of formation for the other hydrides, the assumption has been 
made that the same relation holds true as a close approximation. 
AH^ values are from Bichowsky and Rossini and the free energies 
of formation of the metal ions are taken from later chapters. 

The value.s, summarized in the last column of Table 8, are 
of the same order of magnitude and the differences may be inter¬ 
preted as arising from the different solubilities of the various 
hydrides. Before discussing these, we shall calculate an approxi¬ 
mate value of the H ~—Ih couple from the electron affinity, 
ionization potentials, and related data, in the following manner: 

AH{kcal.) 


Hz = 2H 104 

H = H+(g) + 6- 312 

Il + e~ = H-(g) 1.8 

H+(g) = H-^Caq) —258 

H-(g) - H-(aq) -117 


Hz - H+(aq) + H-(aq) 42.8 
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With the exception of the heat of hydration of the hydride ion 
which has been estimated as the same as that for fluoride ion, 
these data have been taken from Chapter II. This assumption 
is based upon the similarity of the ionic radii, although hydride 
is probably somewhat larger than fluoride. Continuing the 
analogy of hydride and fluoride, we estimate the entropy of hy¬ 
dride ion to be approximately 2.0. Hence AS° is —29.2 cal. per 
degree and is 51,500 cal. One then computes, 

H- = ^Hz + e~, = 2.23 

From the nature of the calculation, the may be in error by 
several tenths of a volt. If it is correct, it would mean, by refer¬ 
ence to Table 8, that the alkali hydrides are fairly soluble and 
those of the alkaline earth metals less so. In these solubility 
relations, the hydrides appear to resemble the fluorides of these 
elements more than the chlorides. Because of the high positive 
value of the couple, true hydrides are formed only by metals whose 
potentials are greater than 2 volts. 

The work of Sollers and Crenshaw® on the dissociation pres¬ 
sures of sodium and potassium deuteride may be used as a basis 
for similar calculations on the potential of the deuteride ion. 

The D2—couple. A direct measurement of the deuterium 
gas-deuterium ion couple cannot be made in water solution be¬ 
cause of the rapid interchange of the deuterium atoms with the 
hydrogen. However, Abel, Bratu, and Redlich® were able to 
compare the deuterium couple in pure deuterium oxide with the 
hydrogen couple in water, through a common reference electrode. 
These authors reported, 

D 2 = 2D^“ + 26-, = 0.0034, 

and for the ionization constant of the ‘'heavy” water, 

D 2 O * OD- + D+, X = 0.3 X 10““ 

The smaller energy of the lowest vibrational state in D 2 , as com¬ 
pared to H 2 , has been mentioned above, and in general the bond 
between deuterium and another atom is slightly stronger than the 

• Sollers, E. F., and Crenshaw, J. L., J. Am. Chem. Soc., 69 , 2015 and 
2724 (1937). 

• Abel, E., Bratu, E., and Redlich, O., Z. physik. Chem., A 170, 163 
(1934); A178, 363 (1935). 
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corresponding bond with hydrogen. The lower ionization con¬ 
stant of D 2 O is in line with this statement. 

When an alkaline solution of water containing deuterium is 
electrolyzed, an enrichment of the deuterium occurs. The 
enrichment factor, that is, the percentage loss of hydrogen to the 
percentage loss of deuterium, is around 6 to 8 in general practice, 
using nickel and iron cathodes. This preferential reduction of 
obviously involves both the equilibrium and overvoltage 
potentials and the rate of interchange of the intermediate mon¬ 
atomic hydrogen and deuterium on the metal surface with the 
atoms of the solution. The greater ionization of the hydrogen is 
doubtless a most important factor. Novak^® reported the D 2 
overvoltage in 99.6 per cent D 2 O with a mercury cathode to be 
0.087 volts greater than that for H 2 with similar current density. 
Heyrovsky^^ and Halpern and Gross^ have discussed the theory 
of the enrichment factor. 

The following equilibrium con.stants involving hydrogen and 
deuterium have been quoted by Farkas and Farkas:^® 

H 2 + D 2 = 2HD, K = 3.27 

H 2 O + D 2 O = 2HDO, K = 32.7 

H 2 O + HD = HDO + H 2 , 3.8 

For the equilibrium involving hydrogen ion and deuterium ion, 
Hamill^* calculates 

H^ + HDO - D+ + H 2 O, K = 0.141 

These authors have discussed the general problem of the compli¬ 
cated equilibria in light and heavy water solutions in some detail. 

Novak, J., Coll. Czechoslov. Chem. Commun., 9, 207 (1937). 
Heyrovsky, J., Coll. Czechoslov. Chem. Commun., 9 , 273 (1937). 

“ Halpern, O., and Gross, P., J. Chem. Phys., 3, 452 (1935). 

Farkas, A., and Farkas, L., J. Chem Phys., 2, 468 (1934). 

Hamill, W. H., J. Am. Chem. Soc., 69, 1494 (1937). 
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Oxygen 

Oxygen has six valence electrons, and in the monatomic gas 
atoms the lowest electronic state is s^p^CP 2 ). Because of the 
importance of oxygen in the chemistry of water solutions, its 
potentials and free energies will be considered in advance of the 
other members of the group. 

The standard thermodynamic state of the element is the gas 
O 2 . Bichowsky and Rossini^ gave 118.2 kcal. as the heat of dis¬ 
sociation. This, combined with the entropy of dissociation (27.33 
cal. per degree), gives 110,050 cal. as the free energy of dissociation. 
The element also exists as the gaseous molecule, O3, ozone. From 
the heat of formation (34.5 kcal.) and the entropy of formation 
(4.9 cal. per degree) the free energy of ozone is 39.4 kcal. At low 
temperatures the modification O 4 appears to be formed.^ 

The isotopes 17 and 18 are present in small amounts in all 
oxygen; however, these differ from oxygen 16 by such small 
energies that for all ordinary thermodynamics their presence may 
be ignored. 

Oxidation states. In water, and all true oxides and their 
compounds, oxygen has the oxidation number of —2. The oxida¬ 
tion state in hydrogen peroxide and its salts and the peroxide 
oxygen of the peroxyacids is —1. This same state should be 
assigned to the oxygen in free hydroxyl, OH, which does not exist 
in appreciable concentrations but which does appear to be formed 
as an intermediate step in a number of reactions. In the com¬ 
pound HO 2 and its derivatives, as KO 2 , the oxygen has an average 
oxidation number of which might be interpreted as one oxide 
oxygen and one +1 oxygen. Because of the highly electronegative 
character of fluorine, the oxygen fluoride, OF 2 , may logically be 
considered as having oxygen in the +2 state, and there is some 
evidence of the existence of the corresponding acid H 203 .- 

^ Bichowsky, F. R., and Rossini, F. D., Thermochemistry of the Chemical 
Substances (Reinhold, New York, 1936), p. 19. 

* Lewis, G. N., J. Am. Chem. Soc., 46 , 2027 (1924). 
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The water-oxygen couple. Probably the best value for the free 
energy of formation of liquid water is that calculated from the 
third law, using the Bichowsky and Rossini heat of formation, 
—68,320 cal. (corrected to 25° C.), and the entropy of formation, 
—39.0 cal. per degree. This gives, 

^02 + H 2 = H 2 O, = —56,690 cal. 

From the free energy of vaporization, 2054 cal., given by Kelley,^ 
the free energy of HgOCg) at 25° C. is -54,636 cal. One then 
calculates for the oxygen couple in acid solution, 

2 H 2 O = O 2 + 4H+ + 4c-, E° = -1.229; 

in alkaline solution, 

40H- = 02 + 2 H 2 O + 4c~ El - -0.401; 

and in pure water, 

2 H 2 O = 02 + 4bP(10-Uf) + 4c-, E = -0.815. 

From the free energy of ionization of water, the free energy of 
formation of OH” is —37,585 cal. 

These potentials have the same importance in reference to the 
stability of oxidizing agents in water solution that those for 
hydrogen have to the stability of reducing agents (cf. Chap. III). 
Thus, the oxidized form of any couple with a higher negative 
potential than oxygen, at a given concentration of hydrogen ion, 
should liberate oxygen from the solution. For example, this is 
true for the manganous-permanganate couple, 

4 H 2 O + Mn^ = MnOr + 8H+ + 5c-, E^ = -1.52 

and hence permanganate is unstable in acid solution with respect 
to oxidation of the water to oxygen. However, the oxygen couple 
is highly irreversible and in general it is impossible to obtain 
experimental equilibrium involving the couple. For the discus¬ 
sion of the so-called ‘^oxygen electrode^' see the hydrogen peroxide- 
oxygen couple. As a result of this irreversibility, high overvolt¬ 
ages are required for the liberation of oxygen from water. In 
Table 9 there are given values of the overvoltages required for 
the anodic oxidation of water on various electrode surfaces.^ 

» Kelley, K. K., IT. S. Bur. Mines Bull., 383 (1935). 

* International Critical Tables, VI, 339. 
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Table 9 

OXYGEN OVERVOLTAGES IN VOLTS FOR VARIOUS ANODES 

IN 1 M KOH 

(Current density in amperes per cm*.) 


Anode 

0.01 

0.1 

1.0 

Graphite 

0.52 

1.09 

1.24 

Au 

0.67 

1.24 

1.68 

Cu 

0.42 

0.66 

0.84 

Ag 

0.58 

0.98 

1.14 

Pt (smooth) 

0.72 

1.28 

1.38 

Pt (black) 

0.40 

0.64 

0.79 

Ni 

0.35 

0.73 

0.87 


These potentials are not very reproducible, and for the more 
electropositive metals in the list they are attainable only because 
the metal surface becomes coated with an oxide layer which 
renders it passive; otherwise the metals would be oxidized instead 
of the water, since their oxidation potentials are smaller. In 
acid solutions it is impossible, because of the high potential 
required, to measure oxygen overvoltage except for the very 
noble metals. For smooth platinum, the acid values are about 
the same as in the alkaline, being 0.45 volts for the formation of 
the first oxygen bubbles. 

A number of theories have been advanced in explanation of the 
oxygen overvoltage and the mechanism of the oxidation of water 
or hydroxide, but definite experimental proof is lacking for the 
support of any one view. 

The assumption is frequently made that the first and rate¬ 
determining step is, 

OH- == OH + e-, 

or in acid solution, 

H 2 O = OH + H^ + e-. 

However, the potentials of these reactions are so large (cf. hy¬ 
droxyl) that, even with the high overvoltage, the concentration 
of OH must be very small. Glasstone and Hickling® believe that 
the second reaction, 

20H = H 2 O 2 , 


* Glasstone, S., and Hickling, A., Trans. Faraday Soc., 81, 1666 (1935). 
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occurs and O 2 is formed by the catalytic decomposition of the 
hydrogen peroxide. However, there is but little experimental 
proof of the formation of the peroxide at an electrode. Walker 
and Weiss® supposed that the second reaction is, 

20H = HjO + O, 

followed by the formation of molecular oxygen. 

The author believes that an equally plausible mechanism is 
the preliminary oxidation of the anode metal to some surface 
oxide or hydroxide, which then reacts as indicated by the follow¬ 
ing hypothetical equation, 

XO 2 + OH- = XOH + O 2 + e-, 
or if peroxide is an intermediate product, a reaction such as, 
X(0H)2 + OH- == XOH + H 2 O 2 + C-. 

Probably no one mechanism can be given to include all types 
of electrodes and electrolytes. The latter is certainly important, 
as the oxidation of the negative ion doubtless enters into the 
mechanism in a number of cases (cf. also mechanism of hydrogen 
overvoltage). 

Noyes and his co-workers^ give support to the peroxide theory. 
They found in their study of the oxidation of water by + 2 
silver in acid solutions, that their rate law was best explained by 
the assumption that the formation of peroxide was the rate-deter¬ 
mining process. 

The water-oxygen atom couple. From the free energy of 
atomic oxygen (55,025 cal.) and the free energy of water, one 
calculates for the reduction of the atom to water in acid solution, 

H 2 O = 0(g) + 2 H+ + 2c-, = -2.42 

The high negative value for the potential indicates the difficulty 
in the oxidation of water with the formation of atomic oxygen 
as an intermediate step. 

The peroxide-oxygen couple. However meager the evidence 
may be for the oxidation of water to peroxide, there is abundant 
proof that oxygen in the presence of hydrogen ion is generally, 

• Walker, O. J., and Weiss, J., Trans, Faraday Soc., 31,1011 (1935). 

^ Cf. Noyes, A. A., Coryell, C. D., Stitt, F., and Kossiakofif, A., J. Am. 
Chem. Soc., 59, 1316 (1937). 
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if not always, reduced to hydrogen peroxide, possibly with the 
formation of HO 2 as an intermediate step with some reducing 
agents (vide infra). Lewis apd Randall^ give for the free energy 
of H202(aq), —31,470 cal., and for 1102“, —15,610 cal. 

H 2 O 2 = H+ + HO 2 -, X = 2.4 X 10“i2 

From these values one calculates for the reduction of oxygen to 
peroxide in acid and alkali, 

H 2 O 2 = 02 + 2H+ + 2e-, = -0.682 

OH- + HO 2 - = O 2 + H 2 O +-^2c-, El = 0.076 

Although many of the experimental attempts to determine the 
reversible potential of the oxygen electrode appear to have meas¬ 
ured merely the potential of the platinum-platinum oxide couple 
which is in the neighborhood of one volt, Bornemann,® has shown 
that it is possible to obtain a value for the reversible potential 
of the H 2 O 2 -O 2 couple by cell measurements. He reported for 
in acid solution, —0.66 =fc 0.03 volts, which is in agreement 
with the value given above. The ability to determine this 
couple in the presence of the H 2 O—H 2 O 2 couple, with its much 
higher potential, E^ = —1.77, shows that the activation energy 
of the oxygen molecule must be quite low. 

The above potentials account for the slowness of many direct 
oxidations by O 2 . If the reaction must go through peroxide, the 
low potential of this reaction makes it the rate-determining step. 
Thus, for example, in the oxidation of ferrous ion in acid solution, 

Fe++ = Fe-^++ + c", E^ = -0.77 

the couple O 2 —H 2 O with a voltage of 1.23 has sufficient energy 
to effect the oxidation of the ferrous ion; but if the initial step is 
O 2 —H 2 O 2 with a voltage of 0.68, the oxidation can proceed only 
slowly (see also Table 10, p. 42, for the mechanism through HO 2 ). 

It is also apparent from these potentials that strong oxidizing 
agents will oxidize hydrogen peroxide to oxygen. However, the 
potential of the H 2 O 2 —H 2 O couple is itself so high (vide infra) 
that it can generally oxidize the reduced form of the other oxidiz- 

* Lewis, G. N., and Randall, M., Thermodynamics (McGraw-Hill, New 
York, 1923), p. 487. 

• Bornemann, K., Nernst Festschrift (Knapp, Halle, 1912), p. 118. 
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iiig agent, so that the net result is simply the catalytic decompo¬ 
sition of the hydrogen peroxide.^® 

Example 

Br 2 + H 2 O 2 = 2H+ 4- 2Br“ + O 2 
H 2 O 2 + 2Br- + 2H+ = Br 2 + 2 H 2 O 
2H2O2 = O2 4 " 2II2O 

In a few cases, however, the peroxide can be oxidized quantita¬ 
tively, as, for example, by permanganate. 

The water-peroxide couple. From free energy data for peroxide 
given above, one calculates for the water-hydrogen peroxide 
couple in acid solution, 

2 H 2 O = H 2 O 2 + 2H+ 4- 2e-, = -1.77 

In alkaline solution this becomes 

30H- = H02“ + H 2 O + 2c-, E% = -0.87 

These high negative values place peroxide in the group of the 
most powerful oxidizing agents in both acid and alkaline solution. 
It is, of course, unstable in respect to the oxidation of water, but 
more important is its instability in respect to its own oxidation 
and reduction. In acid solution, 

2 H 2 O 2 = 2 H 2 O + O 2 , = -50,440 cal. 

and in alkaline solution, 

2 HO 2 - = 20H-- 4- O 2 , = -43,950 cal. 

The reaction rates arc slow but are catalyzed by many substances 
which are constituents of couples with potentials lying between 
the oxidation and reduction potentials of peroxide as indicated 
in the bromide-bromine example given above. Catalysis is also 
effected by many solids and enzymes. 

The free energy of solid peroxides. Most of the more electro¬ 
positive metals form true peroxides. The third law may be 
employed to calculate their free energies. As there are no experi¬ 
mental values for the entropies of the oxides, these must be esti¬ 
mated; but the errors in these estimated quantities should not 

Cf. Bray, W. C., and Livingston, R. S., J. Am. Chem. Soc., 45 , 1251 
(1923). 
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exceed 600 cal. Thus, for the formation of calcium peroxide, 
Ca02, is —1,56,400 cal.; —47 cal. per degree (estimated); 

and AF°, —142,000 cal. Similarly, we find for the free energies 
in calories of the followhg: Sr02, —139,000 cal.; Ba02, —138,000 
cal.; Li202, —138,000 cal.; and Na202, —105,000 cal. 

These free energies determine the potentials of the oxides as 
oxidizing and reducing agents. Although these couples are not 
thermodynamically reversible, since the unhydrated oxides do 
not exist in equilibrium with water, they are of interest for the 
purpose of comparing the energies of the oxides. The hydroxide- 
peroxide potentials in alkaline solution are summarized below: 

40H- + nM - = MnOa + 2 H 2 O + 2e“. 

£^S:Ca, -0.60; Sr, -0.67; Ba, -0.71; Li, -0.85; Na, -1.23. 
These potentials differ from the —0.87 value for the OH~ — HO 2 "" 
couple by the free energy of the hydrolysis of the O 2 ion and by 
the free energy of solution of the peroxide. The first of these is 
quite large, since the second dissociation constant of H 2 O 2 must 
be around 10“^, and it is a constant factor. The increasing 
oxidizing power in the series Ca 02 to Na 20 is due then to the 
increasing solubility of the peroxides, which is obviously in the 
same order as the basicity of the hydroxides. 

The water, oxygen-ozone couple. The action of ozone as an 
oxidizing agent is unusual in that ordinarily only one of the 
oxygens is reduced, the other two atoms forming molecular 
oxygen. From the free energy of ozone and water given above, 
one calculates for the couple in acid solution, 

O 2 + H 2 O = 03 + 2H+ + 2e- = -2.07 

In alkaline solution this becomes, 

O 2 + 20H- = 03 + H 2 O + 2e- E% = -1.24 

These high values place ozone next to fluorine in the list of power¬ 
ful oxidizing agents, with the exception, of course, of a few sub¬ 
stances like atomic oxygen which do not exist in appreciable con¬ 
centrations at room temperature. It is unstable with respect to 
the decomposition into oxygen, and the catalysis of this reaction 
in water is a subject of considerable controversy. Many of the 
points involved are discussed in the following paragraphs. 
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Couples involving perhydroxyl.^^ It is logically assumed in the 
kinetics of oxygen reactions that the addition of atomic hydrogen 
to the oxygen molecule or the removal of one electron from the 
molecule in acid solution results in the formation of perhydroxyl, 
HO 2 . The compound KO 2 (formerly considered K 204 )^ is, of 
course, the potassium salt of perhydroxyl, and there is consider¬ 
able evidence of the formation of the ion 02 ”' when ozone is 
passed into concentrated alkali solution but the comparative 
stability of ozone in acid solution indicates that the free energy 
is unfavorable for the reaction in the presence of hydrogen ion. 
On this basis the free energias of formation of HO 2 and 62 ““ have 
been estimated as 3000 and 13,000 cals., respectively; The 
difference of 10,000 cal. is an estimated free energy of ionization 
of HO 2 . These values then give, 

O 3 + H 2 O = 2 HO 2 , - 23.3 kcal. 

O 3 + 20H- - 2 O 2 - + H 2 O, AF^ = 5.1 kcal. 

Using these free energies of formation with that of hydrogen 
peroxide, the perhydroxyl-hydrogen peroxide couples then are, 

H 2 O 2 = HO 2 + H+ + c- = -1.5 

OH" + HO 2 - == O 2 - + H 2 O + e", E% - -0.4 

These potentials lie between the values calculated from the energies 
of the reactions by Weiss^^ and the earlier work by Haber and 
Weiss.^^ They can hardly be more negative and still have the 
F 82 " be small enough to give an appreciable concentration of 02 “ 
by the action of ozone on concentrated hydroxide, but they might 
be as high as —1.3 and — 0,2. 

Perhydroxyl is unstable in acid with respect to the decomposi¬ 
tion into ozone and water, AF^ = —23.3 kcal., as given above, 
but it is also unstable with respect to the decomposition into 
hydrogen peroxide and oxygen. 

2 HO 2 = H 2 O 2 + O 2 , = -37.5 kcal. 

“No name has been adopted by general usage for the compound HO 2 . 
The author proposes to call it perhydroxyl) that is, two oxygens in place of 
the one in hydroxyl. 

“ Neuman, E. W., J. Chem. Phys., 2,31 (1934). 

“ Weiss, J., Trans. Faraday Soc., 31,668 (1935). 

** Haber, F., and Weiss, J., Proc. Roy. Soc., A147, 332 (1934). 



42 


OXYGEN 


[Chap. IV 


This is the more probable of the two decompositions, and experi¬ 
mentally KO 2 rapidly gives a practically quantitative yield of these 
products when treated with acid, although a trace of ozone may be 
formed. Since hydrogen peroxide is a rapid catalyst for the 
decomposition of ozone into oxygen, these facts rule out the 
possibility of the formation of any appreciable concentration of 
HO 2 by the action of ozone on water in acid. 

The free energy is favorable for the oxidation of water to 
perhydroxyl by ozone through the reaction, 

3 O 3 + H 2 O = 2 HO 2 + 3 O 2 , = -55.5 kcal. 

However the reaction mechanism involving three ozone molecules 
might easily lead to a very slow reaction rate. The free energy 
is also favorable for the oxidation of hydrogen peroxide to per¬ 
hydroxyl by ozone. 

O3 + 2 H 2 O 2 - 2 H ()2 + H2O + O 2 , AF° = --27.1 kcal. 


The half-reactions for the reduction of perhydroxyl to water and 
hydroxide are, 

2 H 2 O = HO 2 + 3H+ + 3c-, = -1.7 

40H- - O 2 - + 21120 + 3c-, E% - -0.7 

and for the pcrhydroxyl-oxygen couples, 

HO 2 = O 2 + + c- = 0.1 

02~ = O 2 “f* c~~y E^ = 0.6 


In order to complete the series for the reduction of oxygen in 
steps, the potentials for the perhydroxide-perhydroxyl should be 
given. These values are summarized in Table 10. 


Table 10 

REDUCTION OF OXYGEN IN STEPS 


(a) Acid solution: 


HO2 = 02 -}- H+ -h e~ 

0.1 

H2O2 = HO2 -E 

-1.5 

2H2O = II2O2 + 2 H+ -E 2 c- 

-1.77 

(b) Basic solution: 

Ei 

0 ‘ 2 ~ “ O2 "E 

0.6 

OH- -E HO2- = O2- + H2O -E €- 

-0.41 

30 H- - HO2- -E H2O + 2 c- 

-0.87 
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Couples involving hydroxyl. There is evidence of the existence 
of free hydroxyl, OH, in gaseous reactions involving hydrogen and 
oxygen and their compounds, and it is frequently assumed as an 
intermediate step in the oxidation of water. Using the value of 
Bates'^ for the heat of formation of OH gas, and the approximate 
entropy, one obtains the value for the gas. Making the 
probable assumption that the free energy of solution is small, the 
free energy of formation and the resulting potentials for hydroxyl 
in aqueous solutions are, 

IH 2 + IO 2 = OH, AF° — —5.0 kcal. 

H 2 O = OH 4- H+ + c- = -2.2 

OH- = OH + C-, E% = -1.4 

Corresponding to these values, the potentials of hydroxyl as a 
reducing agent are, 

OH == |Oo + H+ 4- c- E° = -0.22 

OH 4- OH~ = IO 2 4- H 2 O 4- c", El = 0.61 

The free energy is favorable for the union of two hydroxyls to form 
hydrogen peroxide, 

20H = H 2 O 2 , = -21 kcal. 

The energy is not very large and there is no experimental evidence 
to show that the speed of the reaction is rapid. 

For the reaction of two hydroxyls to form water and atomic 
oxygen, 

20H - H 2 O + O, AF° = 8.3 kcal. 

The free energy indicates that the formation of atomic oxygen 
would not be appreciable unless the concentration of hydroxyl 
were large. 

The oxidation of water by ozone to hydroxyl, 

O 3 4 . H 2 O == 20H + O 2 , AF° - 7.3 kcal. 

has, from this free energy, an equilibrium constant, X = 4 X 10“®. 
The equilibrium concentration of OH is thus quite small, but the 
mechanism df the reaction should be very simple, and this reaction, 
therefore, may account for the slow decomposition of ozone in acid 


« Bates, J. R., J. Chem. Phys., 1 , 457 (1933). 
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solutions. However, another possible mechanism for the ozone 
decomposition is the slow formation of HjOj which, in turn, 
catalyzes the decomposition of the ozone. 

O3 + HjO = H2O2 + O2, = -14 kcal. 

Bray'^ suggests from a study of the rate of the catalytic de¬ 
composition of ozone by hydrogen peroxide that the essential 
mechanism may be, 

O3 -|- H2O2 = H2O3 -f- O2 

O3 -f" H2O3 = H2O2 “b 2O2 

20 , = 3O2 

If this is correct, the free energy of the compound H2O,, in order to 
permit the reaction to proceed, must be close to zero, Fa,o, = 0- 
This value would then give, 

3H2O = H2O3 + 4 H+ + 4 e- = -1.8 

and for H2O3 as a reducing agent to form oxygen, 

H2O3 = IO3 + 2 H+ -b 2e-, = -0.6 

As additional evidence of the existence of H2O3, reference should 
be given to the preparation of K2O3 by Kraus and Whyte.“ 

These potentials, and equally well the potentials for hydroxyl 
and perhydroxyl, must be considered as strictly tentative. 

n Bray, W. C., J. Am. Chem. Soc., 60,82 (1938). 

Kraus, C, A., and Whyte, E. F., J. Am. Chem. Soc., 48 , 1788 (1926). 
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The Halogens 

The members of the halogen family have seven valence electrons, 
and in the monatomic gas atoms the electronic state is 
The outer shell of the kernel contains the following electrons: 
fluorine, Is*; chlorine, 2s*, 2p*; bromine, 3s*, 3p®, 3d“; and iodine, 
4s*, 4p®, 4d“. The principal oxidation states are — 1, +1, +3, 
+5, and +7, the lowest energy being that of the —1 state. In 
this sense the halogens as a group are the most electronegative of 
all the elements. Not only the free elements but the oxygen acids 
and their salts are powerful oxidizing agents with respect to their 
reduction to the halide ( — 1 state). The —1 ion has the same 
electron structure as the following noble gas, and the tendency to 
form this ion may be correlated with the stability of this electronic 
structure. 


Fluorine 

The standard state of the free element is the gas molecule, F 2 . 
The heat of dissociation into atoms is 63.5 kcal., and the entropy 
of dissociation is 27.9 cal. per degree; hence the free energy of 
F(g) is 27.6 kcal. The only oxidation state stable in water solu¬ 
tions is the —1. The oxides, F 2 O and F202, have been prepared, 
but because of the highly electronegative character of both fluorine 
and oxygen, it is meaningless to attempt to assign a polar number 
to fluorine in these compounds. However, the oxides are powerful 
oxidizing agents and the potential for the reduction of the mon¬ 
oxide may be calculated. 

The fluoride-fluorine couple. The potential of this couple has 
been calculated by Latimer^ from thermal data by Wartenberg* 
on the reaction of fluorine with hydrogen and the replacement of 
chloride by fluorine. Bichowsky and Rossini have used the 
Wartenberg data to calculate the heat of formation of fluoride ion, 

1 Latimer, W. M., J. Am. Chem. Soc., 48, 2868 (1926). 

* Wartenberg, H. v., Z. anorg. allgem. Chem., 161, 313 (1926). 
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— 78.2 kcal. From this value and slightly revised entropy data, 
the potential has been recalculated, but the result is the same as the 
former figure. The AF® of formation of the ion is —65,700 cal. 
and the potential, 

2F~ = Fz + 2c-, = -2.85 

In acid solutions the couple should be written with HF or 
H 2 F 2 . Pick^ gave 

HF(aq) = H+ + F”, = 7.2 X 10-^ 

At high concentrations he assumed HF 2 - was formed and wrote 

F- + HF = HF 2 -, K = 5.5. 

The free energy of HF then is —70,000 cal. and for the HF—F 2 
couple, 

2HF(aq) = F 2 + 2H+ + 2c-, = -3.03. 

This is the highest potential for any oxidizing agent which can be 
prepared in appreciable concentrations. The potential is so high 
that fluorine decomposes water with the evolution of oxygen and 
ozone. 

The fluorine-oxide potential. Bichowsky and Rossini give as 
the best value for the heat of formation of the gaseous oxide, 
+ 5.5 kcal. From the interatomic distances the entropy of F 2 O 
is approximately 59 cal. per degree. One may then calculate, 
AF° = 9.5 kcal., and 

H 2 O + 2F- - F 2 O + 2H+ + 4c“, = -2.1. 

A potential may also be calculated for the reduction to fluoride 
ion and free oxygen, 

2F- + IO 2 = F 2 O + 2c-, = -3.1. 

The potential of this reaction is even higher than that for fluoride, 
but it doubtless is impossible of ex^jerimental realization since the 
first step is the formation of atomic oxygen while much of the 
energy comes from the union of oxygen atoms to form the O 2 
molecule. This would give a potential barrier which would render 
the reaction rate very slow. 


* Pick, H., Nernsts Festschrift (Knapp, Halle, 1912), p. 360. 
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Chlorine 

The stable state of the element at room temperature is the 
diatomic molecule, CL. The heat and free energy of dissociation 
into the atoms are 57.8 kcal. and AF°, 51.8 kcal. The free 
energy of solution to form a h 3 rpothetical one molal solution is^ 
1.6 kcal. 

Oxidation states. Chlorine has an oxidation number of —1 
in hydrochloric acid and its salts; +1 in the oxide, CLO, in its 
acid, hypochlorous acid, HCIO, and its salts; +3 in chlorous acid, 
HCIO2, and its salts; +4 in the dioxide, CIO2; +5 in chloric acid, 
HCIO3, and derivatives; and +7 in the oxide, CI2O7, in perchloric 
acid, HCIO4, and the perchlorates. The oxide, CIO, is described, 
but its chemistry is so uncertain that it has not been included in the 
calculation of potential values. 

The chloride-chlorine couple. The best value for the potential 
of the Cl“—CI 2 couple is probably that obtained from the cell 
measurements of this electrode against the AgCl—Ag electrode. 
We shall use the value given by Randall and Young,^ which appears 
to be accurate to two or three millivolts. 

2C1'- = CI 2 + 2e-, = -1.3583. 

This corresponds to a free energy of formation of chloride ion of 
— 31,330 cal. Because of the hydrolysis of chlorine and the for¬ 
mation of h3q30chlorite, the potential becomes meaningless in 
alkaline solutions. The couple is reversible and chlorine is a fairly 
rapid oxidizing agent, very much faster than oxygen, for example. 
Because of the mechanism of formation of the CI 2 molecule by 
oxidation of the Cl~, overvoltages m\ist exist (cf. overvoltage of 
hydrogen and oxygen), and Ivnobel^ gives the values at 100 milli- 
amperes per cm^ of 0.026 volts for platinized platinum and 0.054 
for smooth platinum. The problem is complicated by the fact 
that the oxidation potential of water is lower than that for chloride, 
hence, were it not for the high oxygen overvoltage, no chlorine 
should be evolved upon the electrolysis of chloride solutions at low 
current densities. In other words, the chlorine overvoltages must 
always be measured on an electrode which is polarized with respect 

♦ International Critical Tables, VII, 233. 

® Randall, M., and Young, L. E., J. Am. Chem. Soc., 60, 989 (1928). 

® Knobel, M., International Critical Tables, VI, 340. 
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to oxygen. The mechanism is doubtless complex and may involve 
the formation of hypochlorite surface compounds which react with 
chloride to give chlorine. The ratio of oxygen to chlorine evolu¬ 
tion is also influenced by the presence of positive ions, for example, 
Mn++, which catalyze one or other of the oxidations. 

The chloride-hypochlorite couple. From the hydrolysis of 
chlorine^ and the free energy of water and chloride, one calculates 
the free energy of hypochlorous acid to be —19,110 cal. Using the 
dissociation constant for the acid by Skrabal and Berger,® 

HCIO = H+ -f- CIO- K = 5.6 X 10-», 

the free energy of formation of hypochlorite ion is —9200 cal. 
These values are in approximate agreement with the thermal data 
but lead to a value for the entropy of hy|30chlorite, 10 cal. per 
degree, which seems a little low. This would indicate that the 
value chosen by Bichowsky and Rossini, —29,800 for the heat 
formation of hypochlorous acid, may be too large negatively. The 
above free energies give, 

H 2 O + Cl- = HCIO + H+ + 2c-, = -1.49 

20H- + Cl- = CIO- + H 2 O + 2c-, E% = -0.94. 

The couple in acid solution, of course, has no chemical significance, 
since chloride and hypochlorous react to give chlorine. 

Cl- + HCIO + = CI 2 + H 2 O, AF® = -6315 cal. 

The oxide, CI 2 O, is the anhydride of hypochlorous acid, and 

the reaction with water is reversible. Yost and Felt** report, 

2HC10 = Cl20(g) + H 2 O, K = 3.54 X 10~*. 

The chloride-chlorite couple. There are no potential or free 
energy data on chlorous acid; but since the entropy values are 
known, we may calculate the free energy from the heat of forma¬ 
tion. Using the heat of formation of chlorous acid (—13,800 cal.), 
the heat of dissociation and free energy of dissociation of the acid 
( — 4100 cal. and 2700. cal., respectively^®), and the entropy of 

7 Cf. International Critical Tables, VII, 233. 

8 Skrabal, A., and Berger, A., Monatsh., 70, 168 (1937). 

® Yost, D. M., and Felt, R. C., J. Am. Chem. Soc., 66, 68 (1934). 

Barnett, B. (PhD. Thesis, University of California, 1935). 
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fonnation of C10s~ (AS® = — 67 cal. per degree), one obtains the 
free energy of HC10» (—600 cal.) and ClOj" (2100 cal.). These 
values then give, 

HCIO, = H+ + ClOr, K = 10 "* 

2H,0 + Cl- = HClOs + 3H+ + 4e-, E®- 1.66 

40H- + Cl- = CIO,- + 2H,0 + 4e-, E% = -0.76. 

Here, also, equilibrium cannot be obtained for the couple in acid 
solution since chlorous acid is a strong enough oxidizing agent to 
oxidize chloride to chlorine. Additional couples involving chlo¬ 
rous acid and chloride are given in Table 11 . 

The chloride-chlorine dioxide couple. The heat of forma¬ 
tion of chlorine dioxide gas, 23,500 cal., which was chosen by 
Bichowsky and Rossini from the work of Booth and Bowen,” 
appears quite reliable. Taking the AS® of formation as —17.1 cal. 
per degree, this gives for the free energy of formation, 28,600, 
and for the chloride-chlorine dioxide couple in acid and alkaline 
solutions, 

2H,0 + Cl- = CIO, -1- 4H+ -I- 5e-, ST = -1.50 

40H- + Cl- i= CIO, + 2H,0 -I- 5e-, E% = -0.84. 

Neither of the couples can be realized in experimental equilibrium, 
since in acid the CIO, would oxidize Cl” and in alkali the CIO, 
is unstable with respect to decomposition into chlorite and chlorate 
(vide infra). 

The chloride-chlorate couple. Olson** has determined the free 
energy of formation of chlorate ion from equilibrium data, AF° = 
— 250 cal. From data by Thomsen, on two sets of reactions, 
Bichowsky and Rossini calculated for the heat of formation of 
chlorate, —24.6 and —20.8 kcal. They chose the latter value as 
the more probable, but an average of the two values, together with 
the entropy data, gives a free energy of formation which is in agree¬ 
ment with the work of Olson. Using this value, 

3H,0 + Cl- = CIO,- + 6 H+ - 1 - 6 e-, F® = -1.45 

60H- + Cl- = CIO,- + 3H,0 -I- 6 c-, E% = -0.62 

” Booth, H., and Bowen, E. J., J. Chem. Soo., 1S7,342 (1925). 

Olaon, A. R., J. Am. Chem. Soc., 42,896 (1920). 
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Thus, like hypochlorous and chlorous acids, chloric acid will 
oxidize chloride to chlorine. The reaction is slow, however; even 
boiling a solution of chlorate in excess of hydrochloric acid requires 
some time for the complete reduction. A hot acid solution is 
reduced fairly rapidly by ferrous ion. Chlorate is not readily 
reduced at a cathode upon electrolysis of chlorate solutions. 

The chloride-perchlorate couple. There are no equilibrium 
data on perchloric acid. However, its free energy of formation 
may be calculated from thermal data. Using AH^ = —39,500 
cal., and the entropy of formation AS° = —96.7 cal. per degree, 
the free energy of fonnation is —10,700 cal. Hence, 

4 H 2 O + Cl- = ClOr + 8H+ + 8c- = -1.34 

80H- + Cl- = CIO4- + 4 H 2 O + 8c-, E% = -0.51 

The potentials of the perchlorate couples are thus lower than those 
for any of the other oxygen acids of chlorine. Perchloric acid is a 
very slow oxidizing agent in IM solution, and it is not reduced by 
boiling hydrochloric a(*id or by ferrous ion. Like sulfuric acid, it 
has a high heat of dilution and in concentrated solutions it becomes 
a rapid and i^owerful oxidizing agent. 

Perchlorate radical. From the work of Gomberg^^ silver per¬ 
chlorate treated with bromine yields free perchlorate, CIO4, in 
which one of the oxygens has doubtless lost an electron. 

The bromide couple (cf. p. 53) in the presence of silver ion would 
have a potential of about —2 volts, i.c., it would be about 0.9 
volts more negative than the E^ bromine value because of the 
slight solubility of silver bromide. Hence the potential of the 
perchlorate radical must be more positive than —2 volts. 

Additional chlorine half-reactions. From the half-reactions 
listed above, potentials may be calculated for any change of 
oxidation state of chlorine. For convenience, a number of these 
half-reaction potentials are given in Table 11. 

Notes on the chlorine potentials. It will be observed in Table 
11, (a), that there is a decrease in potential from HCIO to CIO4- 
and likewise in (b) that the potentials for the reductions to the 
next lower state show the same trend. The latter fact is significant 
in the interpretation of the slowness of chlorate and perchlorate as 

Gomberg, M., J. Am. Cheni. Soc., 46, 398 (1923). 
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oxidizing agents, as the lower potentials for the first step of the 
reduction act as a barrier to the net reaction. 

The following reactions, in which one oxidation state is unstable 
with respect to higher and lower states, arc important: 


CI2 + 20 H” = Cl- + CIO- + H2O, 
3 C 10 - = CIO3- + 2 C 1 - 
4CIO3- = 3 C 10 r + Cl- 
2CIO2 Hh 20 H“ = C 102 ~~ “h ClOa” -t- II2O, 


= -19.4 kcal. 
AF"" = — 43.5kcal. 
AF° = -53.5 kcal. 
A//° = -36.9 kcal. 


Table 11 

ADDITIONAL CIILORINl!] HALF-REACTIONS 


(a) Reduction to CL in acid solution: 


iCla + 4 H 2 O = 811+ + C10<- + 7e- 

-1.34 

iClj + 3H=0 = 611+ + CIO 3 - + 5e- 

-1.47 

ICI 2 “h 21120 == 4JD' 4“ CIO 2 "h 4t’“ 

-1.53 

iCh + 2 H 2 O = 3ID -f H(402 4- :E; ■ 

-1.63 

^Cl2 + II 2 O = H+ + HCIO + e- 

-1.63 

(b) Reduction in steps in acid solution: 


CIO 3 - + H 2 O = 2 H+ + ClOr 4- 2 c- 

-1.00 

CIO 2 + H-iO = 2H+ + CICV + e- 

-1.21 

HCIO 2 + H 2 O = 3II+ + (303- + 2e - 

-1.23 

HCIOi = H+ + CIO 2 + e- 

-1.26 

HCIO + H. 3 O = 2 U+ + IK’lOj + 2 c- 

-1.63 

iCh + H 2 O = H + + HCIO + e- 

-1.63 

Cl- = iCl2 + c- 

-1.3583 

(c) Reduction in steps in basic solution : 

Eb 

20ID 4- CIO 3 - - ClOr 4- H 2 O 4- 2e- 

-0.17 

20H- 4- CIO 2 - CIO 3 - 4- H.,0 4- e" 

0.45 

20H- 4 - C102“ = CIO 3 - 4- H 2 O 4- 2 e- 

-0.35 

CIO 2 - = CIO 2 4- c" 

-1.15 

20H“ -h CIO" = CIO 2 - 4- H 2 O 4- 2e- 

-0.59 

20H~ 4- iCb = CIO - 4- H 2 O 4- 

-0.52 


The first of these is the hydrolysis of chlorine, which is prac¬ 
tically complete in alkaline solution, but which is reversed to a 
measurable equilibrium in acid solution. The preparation of 
chloride of lime and the release of chlorine by it when acidified is 
an example of this equilibrium. 

The second reaction is important in the commercial preparation 
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of chlorates. If hypochlorite is heated in the presence of a cata¬ 
lyst, such as cobalt hydroxide, oxygen is evolved. In the absence 
of a catalyst, chlorate is formed and the rate of the reaction is 
favored by the presence of both HCIO and C10~, that is, the 
reaction is slow in high concentrations of both acid and base. 
The reaction is not reversible. 

The third reaction, the decomposition of chlorate to chloride and 
perchlorate, occurs if solid alkali chlorate is heated carefully in the 
absence of a catalyst for the decomposition into oxygen and chloride. 

The last reaction goes readily in alkaline solution and the free 
energy would indicate that it should be reversed to give appreciable 
concentrations of chlorine dioxide in acid, but experimentally 
chlorine dioxide is not formed under these conditions. 

The oxidation of chlorate to perchlorate requires a potential of 
only about a volt, but experimentally the most powerful oxidizing 
agents are required to bring it about. It may however be ac¬ 
complished by anodic oxidation of alkali chlorates. The most 
favorable conditions are low temperature, neutral or slightly acid 
solution, and a smooth platinum electrode. In alkaline solution 
and on platinized platinum, oxygen is evolved, and the eflBiciency 
of the process is low. The oxidation is thus favored by the condi¬ 
tions for high oxygen overvoltage, but the influence of hydroxide 
upon the rate cannot be explained by reasoning based upon equilib¬ 
rium data, as the potential of oxygen and perchlorate are equally 
dependent upon hydrogen ion. It seems likely then that the 
rate-determining step is the oxidation of chlorate to free CIOs, 
which would be independent of hydrogen ion and cannot occur in 
alkaline solution where the potential is more favorable for the 
oxidation of water. See oxygen potential in alkali. 

Bromine 

The standard state of the element is the liquid, Brs. Bichowsky 
and Rossini calculate for the heat of formation of the monatomic 
gas, AflT® = 26.88 kcal. Using AS® for the reaction as 23.4 cal. 
per degree, the free energy of the monatomic gas is 19.9 kcal. 
Randall^* calculates the following free energies: Br 2 (aq), 977 cal.; 
Br 2 (g), 755 cal.; and Br 2 (s), 314 cal. 

Oxidation states. Bromine has compoimds with the following 

International Critical Tables, VII, 234. 
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oxidation numbers: —1, hydrobromic acid and its salts; +1, 
hypobromous acid; and +5, bromic acid and the bromates. Bro- 
mous acid, +3, is doubtless formed as an intermediate step in 
various reactions, but it is too unstable to exist in appreciable 
concentrations. Perbromic acid or its salts, +7, are unknown. 
Evidence has recently been presented of the oxides Br20 and 
Br02.'' 

The bromide-bromine couple. From cell measurements by 
Jones and Baeckstnim,^® 

2Br“ = BrzO) + 2c-, = -1.0652 

2Br- = Br 2 (aq) + 2c-, = -1.087. 

The corresponding free energy of bromide ion, Br", is —24,578cal. 

From the heat of formation, —28,670 cal., given by Bichowsky 
and Rossini, and the entropy of formation, —14.3 cal. per degree, 
the free energy is —24,410 cal. in fair agreement with the cell 
measurements. 

The couple is reversible and bromine is a comparatively rapid 
oxidizing agent. The overvoltage for the anodic oxidation of 
bromide is given by Knobel^^ as somewhat less than the values for 
chlorine. 

At a concentration of 10“^Af H+, bromine has a potential of 
0.2 volts in favor of the oxidation of water, but the reaction is 
reversed in one molal acid. However, in low acid the reaction is 
not rapid, and bromine solutions in water are comi)aratively stable. 

Bromine reacts with bromide to form the tribromide Br^. 
From the work of Griffith, McKeown, and Winn,^* 

Br 2 (aq) + Br“ = Bra", K = 17. 

Hence the free energy of formation of Bra” is —25,270 cal. and 
3Br- = Bra" + 26-, = -1.05. 

Brenschede, W., and Schumacher, H. J., Z. anorg. allgem. Chem., 
226, 370 (1936); Schwarz, R., and Schmeisser, M., Ber., 70 B, 1163 (1937). 

Jones, G., and Baeckstrdm, S., J. Am. Chem Sue., 66, 1524 (1934); 
cf. also Randall, M., International Critical Tables, VII, 234. 

Knobel, M., International Critical Tables, VI, 340. 

18 Griffith, R, O., McKeown, A., and Winn, A. G., Trans. Faraday Soc., 
28,101 (1932). 
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At high concentration the pentabromide appears to form, and 
Licbhafsky^^ calculates the constant for the dissociation of Brs"" to 
be 0.055.. 

The bromide-hypobromite couple. Liebhafsky^® has reviewed 
the data on the hydrolysis of bromine and gives K = 5.8 X 10“® 
as the best value. This leads to —19,900 cal. as the free 
energy of formation of HBrO. Shilov^^ reported, 

HBrO = H+ + BrO", K = 2.06 X 10~®. 

One then calculates —8000 cal. as the free energy of BrO~. These 
values appear to be consistent with the heat of formation of 
hypobromous acid, A//° = —25,200 cal. given by Bichowsky and 
Rossini. For the bromide-hypobromite couple one calculates: 

H 2 O + Bi-^ = HBrO + H+ + 2e- = -1.33 

20H-* + Br- = BrO- + H 2 O + 26“ El = -0.76. 

Hypobromous^ acid cannot be prepared except at the very low 
concentrations given by the hydrolysis of bromine; and when 
alkali is added, the hypobromite ion decomposes almost instantly 
into bromide and bromate. 

The bromide-bromate couple. Lewis and Randall calculate 
from the measurements of Sammet^ on the bromine-bromate 
electrode that the free energy of formation of BrOs"” is 2300 cal. 
The third law value, calculated from the heat of formation 
(—11,200 cal.) given by Bichowsky and Rossini, and the entropy of 
formation (47.0 cal. per degree), is 9700 cal. High accuracy 
cannot be claimed for either the heat of formation or the cell 
measurements. The value AF® = 5000 cal. will be chosen, and 
also the same value will be used for HBrOs, since it is a strong 
acid. Then, 

3 H 2 O + Br- - BrOs- + 6H+ + 66“, = -1.44 

60H“ + Br- = Br 03 “ + 3 H 2 O + be", E^ = -0.61. 

Equilibrium for the couple in acid would be impossible, since 
bromate will oxidize bromide to bromine. Bromic acid is a 

Liebhafsky, H. A., J. Am. Chem. Soc., 66, 1500 (1934). 

2 ® Liebhafsky, ibid, 

21 Shilov, E. A., J. Am. Chem. Soc., 60, 490 (1938). 

** Sammet, V., Z. physik. Chem., 63, 678 (1905). 
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more rapid oxidizing agent than chloric acid, and in high acid it 
will oxidize water to oxygen. 

Bromine chloride as an oxidizing agent. The spectroscopic 
data for the entropy and heat of formation of bromine chloride 
appear to be very good. Using the value of Jost^^ for the heat 
of formation, 3070 cal,, and the entropy of formation, 12.1 cal, 
per degree, one obtains —530 cal. as the free energy of formation 
of BrCl. 

Br- + Cl- = BrCl(g) + 2(r, = -1.20. 

Additional bromine half-reactions. From the half-reactions 
listed above, potentials may be calculated for any reaction in¬ 
volving a change in the oxidation state of bromine. For con¬ 
venience, a number of these potentials are given in Table 12. 


Table 12 

ADDITIONAL BROMINE HALF-REACTIONS 


(a) Reduction to Br 2 in acid solution ; 

E° 

iBrj + SITjO = BrOr + 6 H+ + Se” 

-1.52 

iBrz -h H 2 O = HBrO + H+ -j- 

-1.59 

{b) Reduction in steps in acid solution: 


2 H 2 O -f HBrO - BrOa- -f 5H+ -f 4e- 

-1.49 

H 2 O + iBra = HBrO -f ID -h e" 

-1.59 

Br“ = JBr 2 + e" 

-1.066 

(c) Reduction In steps in alkaline solution: 


40H~ 4 - BrO” = BrOa” + 2 H 2 O -j- 4e“ 

-0.54 

20H- + ^Brs = BrO" -f H 2 O -f e" 

-0.45 


Notes on the bromine potentials. The free energy of the 
simultaneous oxidation-reduction of bromine in alkaline solutions 
may be calculated from the potentials above. 

3Br2 + 60H- = SBr" + BrOa" + 3 H 2 O, 

AF° = -62,400 cal. 

This reaction goes readily in alkali, but in acid solution it is 
reversed, as indicated by the free energy. 

5Br- + BrOa" + 6H+ = 3Br2 + 3 H 2 O, AF° = -52,200 cal. 


Jost, W., Z. physik. Chem., A153,143 (1931). 
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The first step of the bromine in alkali reaction is doubtless the 
hydrolysis reaction, 

Br 2 + 20H- = BrO- + Br" + HjO, 

= -14,100 cal., 

followed by the rapid oxidation-reduction of the hypobromite 

3BrO- = 2Br- + Bros'", AT = -30,900 cal. 

Iodine 

The standard state of the element is the solid I 2 . The free 
energy of the monatomic gas may be calculated from the heat 
of formation by Bichowsky and Rossini, 25.59 kcal., and the 
entropy of formation, 29.24 cal. per degree. This value is 16.87 
kcal. The International Critical Tables** give the following free 
energies, based upon the calculations of Lewis and Randall: 
h{g)f = 4630 cal. and IsCaq), AF® = 3926 cal. 

Oxidation states. Iodine has an oxidation number of —1 in 
hydroiodic acid and its salts, -+-1 in the unstable hypoiodous 
acid and iodine monochloride, +5 in iodic acid and its salts, and 
+7 in periodic acids and its derivatives. The +4 oxide, IO 2 or 
I 2 O 4 , has been prepared. There is also some evidence for hOz. 
It seems probable that HIO 2 (oxidation number +3) is formed 
momentarily in the oxidation of iodine or the reduction of iodate, 
and the trichloride ICI 3 , in which the iodine may be considered 
as +3, is well known. 

The iodide-iodine couple. From the iodide-iodine electrode 
and accurate measurements of the activity of iodide solutions, 
Randall*^ calculated the free energy of iodide, T , W) be —12,333 
cal. and the half-reaction, 

21- = la + 26-, ir « -0.5345. 

The value of the free energy of iodide from the heat and entropy 
of formation is —12,190 cal. 

Although, as the potential value indicates, iodine is not a 
powerful oxidizing agent, its action is in general rapid, that is, the 

International Critical Tables, VII, 235. 

** Randall, M., op, cit, Cf. also Bates, R. G., and Vosburgh, W. C., J. 
Am. Chem. Soc., 09, 1190 (1937). 
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heat of activation is small. However, Knobel^ gives the over¬ 
voltage for the liberation of iodine on platinum as higher than 
the corresponding values for bromine or chlorine. This is difficult 
to understand in view of the lower energy of dissociation of the I* 
molecule. 

The iodide-triiodide couple. Lewis and Randall^ have re¬ 
viewed the data on the free energy of the reaction, iodine and 
iodide to give triiodide, lz~. Using their value and the iodide 
free energy above, one obtains for the free energy of triiodide 
—12,290 cal. 

I 2 (aq) + I- - X = 1.4 X 10-2 

31- = la" + 2e-, ^ -0.5355 

The iodide-h3rpoiodite couple. From the work of Bray and 
Connolly^ on the hydrolysis of iodine, the free energy of formation 
of hypoiodous acid is —23,330 cal. Then for the couple, 

HaO + I- = HIO + H+ + 2c-, E^ = -0.99. 

Fhrth^ gave as a rough value for the dissociation constant of 
hypoiodous acid, K = 10“^^. This would make the free energy 
of the hypoiodite ion —8300 cal. 

20H- + I- = 10- + HaO + 2c-, E% = -0.49. 

The agreement with the thermal data is not very good, but the 
equilibrium data are probably to be preferred, although no high 
accuracy can be claimed for them, since these substances are too 
unstable to permit any direct calorimetric determinations. The 
energies of these decomposition reactions will be discussed in a 
later paragraph. 

Iodine monochloride. Hypoiodous acid has basic properties, 
and in moderately large concentration of hydrochloric acid it 


*• Knobel, M., Inteuiational Critical Tables, op. cit. 

Lewis, G. N., and Randall, M., Thermodynamics (McGraw-Hill, 
New York, 1923), p. 626. Cf. also Jones, G., and Kaplan, B. B., J. Am. 
Chem. Soc., 60, 1846 (1928). 

*• Bray, W. C., and Connolly, E. L., J. Am. Chem. Soc., S3, 1485 (1911). 
»• Fttrth, A., Z. Electrochem., 28, 67 (1922). 
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forms ICl and ICL". Faull^^ has determined the equilibrium 
constants for the reactions, 

ICI2- = ICl(aq) + Cl~ if = 6 X lO'^ 

2ICl(aq) = l2(aq) + CbCaq), if = 1.6 X 

These constants lead to the values of the free energy of formation 
of ICl(aq), —4000 cal., and of ICL"", —38,350 cal. The thermal 
data seem to indicate that these figures are too large negatively, 
but Fauirs values are doubtless the more reliable. The work of 
Philbrick^^ also is in substantial agreement. The most important 
potentials are the reduction to iodine and chloride. 

Cl- + il2 = ICl(aq) + C-, = -1.19 

2C1- + II2 = ICI2- + = -1.06. 

Iodine monobromide. Faull has also determined the cor¬ 
responding constants for IBr2“ and IBr and finds 

IBr^" = IBr(aq) + Br“, if = 2.7 X 10“^ 

2I^r(aq) = l2(aq) + Br2(aq), K = 1.2 X 10”^ 

The free energies are IBr(aq), —900 cal., and IBr2~, —28,970 
cal.; and the potentials to iodine and bromide are: 

Br” + "2I2 = IBr(aq) + E"" == —1.02 

2Br-‘ + ~Jl2 = IBr2“ + c“, E^ - -0.87 

Iodine trichloride. Nies and Yost^^ give —21,150 cal. as tlie 
free energy of formation of the trichloride ICI3. Hence, 

2C1- + ICl(s) = ICbCs) + 2c-, E^ = -0.99 

3C1- + ih = ICl3(s) + 3c- E^ = -1.05. 

The iodide-iodate couple. Lundberg, Vestling, and Ahlberg^^ 
found —32,251 cal. for the free energy of formation of iodate, 

30 Faull, J. H., J. Am. Chcm. Soc., 66, 522 (1934). 

31 Philbrick, F. A., J. Am. Chcm. Soc., 66, 1257 (1934). 

33 Nies, N. P., and Yost, D. M., J. Am. Chem. Soc., 67,306 (1935). 

33 Lundberg, W. O., Vestling, C. S., and Ahlberg, J. E., J. Am. Chem. 
Soc., 69, 264 (1937). 
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IO3 , which is in agreement with the thermal data. This gives 
for the iodide-iodate couples, 

3 H 2 O + 1“ = IO 3 - + 6H+ + be-, = -1.085 

60H- + I" = IO 3 - + 3 H 2 O + 6c”, El = -0.26. 

lodate in acid solution is a rapid oxidizing agent and oxidizes 
iodide to iodine. This reaction may be used to determine I~, 
lOs", or H'^, quantitatively. With the iodine-iodate couple, re¬ 
versible equilibria may be attained. The free energy of the 
iodate ion used in these calculations was derived from direct 
measurements of this electrode (cf. also Table 13, p. 60). 

Periodic acid. Of the various hypothetical hydrates of iodine 
heptoxide, the following are the more important: paraperiodic 
acid, HsIOe,* metaperiodic acid, HIO4; and mesodiperiodic acid, 
H4I2O9. The paraperiodic acid is the only solid acid which 
exists in equilibrium with water. The solubility is quite high. 
The composition of the solution is probably largely this acid, 
although slightly soluble meta-salts, for example, KIO4, may be 
precipitated upon the addition of the metal ion to the acid solu¬ 
tion. The acid is not very strong.^^ 

HsIOe = H+ + H 4 IO 6 -, X = 2.3 X 10-2 

HJOe- = H+ + HalOe—, K - ca 10~«. 

The second dissociation is complicated by the formation of the 
mesodiperiodate, 

2H3l06~'- = I2O9-+ 3H2O, 

and salts corresponding to both of these ions may exist in equilib¬ 
rium with the solution, for example, Na 2 H 3 l 06 , and K 4 I 209 - 9 H 20 . 
The addition of more alkali to the solid sodium salt converts it 
to Na 3 H 2 l 06 ; and in the case of the very slightly soluble silver 
salts, all the hydrogens of the para-acid appear to be replaceable, 
for example, AgsIOe. However, the third ionization constant 
must be quite small, and there is no evidence for the formation of 
appreciable concentrations of the ion H 2 IO 6 in 1 Af KOH, 

Abel and Smetana^® studied the potential of the iodate-periodate 
couple and gave for the E° in acid solution —1.51. However, 

** Rae, N., J. Chem. Soc., p. 876 (1931). 

w Abel, E., and Smetana, O., Monatsh., 60, 181 (1932). 
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they considered the periodic acid to be completely dissociated and 
to have the formula HIO 4 . In view of the fact that periodic 
acid will quantitatively oxidize manganous ion to permanganate, 
their value appears to be too low. The heat of 
formation data are somewhat conflicting and there are no data 
on the entropy of periodic acid. From purely chemical evidence 
we shall write, 

3 H 2 O + IO3- = H5IO5 + H+ + 26", E^ - ca -1.7. 

The corresponding free energy of formation of periodic acid is 
ca —123,900 cal. For the couple in alkaline solution, one com¬ 
putes from the approximate ionization constants given above, 

30H- + lOa” = H 3 IO 6 — + 26 ", E% = ca -0.7. 

The iodate-periodate couple, even in neutral or slightly alkaline 
solution, will oxidize iodide to iodine. This is a distinction from 
iodate. 


Table 13 

ADDITIONAL IODINE HALF-RE ACT IONS 


(a) Reduction to iodine in acid solution: 


JI2 -f- 6H2O = H5IO, + 7H+ 4* 7e- 

ca -1.35 

iL -f 3H2O = lOr + + 66“ 

-1.195 

ih + H2O = HIO 4- -h 6“ 

-1 45 

(6) Reduction in steps in acid solution: 


3H2O -f lOa- = HfilOa + H+ 4- 2e“ 

ca -1.70 

2H2O 4- HIO « 10," -h 5H+ 4- 46“ 

-1.13 

3H2O 4- ICI2- « 10,- -h 6H+ 4- 2C1" 4- 46“ 

-1.23 

2C1" 4“ JL * ICI2- + 6- 

-1.06 

21“ =12 + 26“ 

-0.5345 

(c) Reduction in steps in alkaline solution: 

E% 

30H“ 4- 10,- » H,IO,— + 26“ 

ca —0.70 

40H- + 10“ - 10,“ 4- 2H2O -h 46“ 

1 -0.56 

20H“ 4- I- * 10“ -h H2O 4- 26- 

-0.49 


Periodates may be made from iodates by anodic oxidation on a 
smooth platinum anode. The most favorable conditions are low 
temperature and high concentrations of iodate and hydroxide. 

Additional iodine half-reactions. The couples in Table 13 may 
be derived from equations given above, and have been listed for 
convenience. 
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Notes on the iodine couples. A number of important relations 
between the iodine oxidation states may be discussed in terms of 
these potential values. 

Unlike chlorate, iodate is not unstable with respect to decom¬ 
position into higher and lower states. 

9 H 2 O + 7 IO 3 - + 7H+ = I 2 + SHfilOc == 116 kcal. 

3 H 2 O -f- 30H- + 4 IO 3 - == I- + SHalOfi—, = 60 kcal. 

As these positive free energies indicate, the reverse reactions, in 
both acid and base, go readily. 

Hypoiodous acid and hypoiodite in alkali are unstable with 
respect to their own oxidation and reduction. 

5HIO = 2 I 2 + IO 3 - + H+ + 2 H 2 O, Ar = -29.0 kcal. 

310- = 21- + I 03 ~, AF° = -32 kcal. 

Since the iodous acid, HIO 2 , which is postulated as an inter¬ 
mediate step in many reactions, does not exist in appreciable 
concentrations, it is unstable with respect to the reaction, 

5HIO2 = I2 + 3IO3- + 3 H+ + H2O. 

From the free energies of the other substances involved, AF® for 
HIO 2 must be > —30,000 cal. and 

2 H 2 O + ih = HIO 2 + 3H+ + 3e-, 

< -1.2. 

The oxidation of iodine to ICb" by iodate in hydrochloric acid 
is a well-known analytical procedure. From the potentials we 
may calculate 

lOa- + 6 H+ + lOCl- + 2I2 == 5ICI2- + 3H2O, 

AF^ = -16.3 kcal. 

The small value for the free energy is in agreement with the fact 
that a moderately high concentration of hydrochloric acid is 
required to make the reaction quantitative. 

Notes on the potentials of the halogen group. Table 14 has 
been given to provide a comparison of some of the more important 
couples of the halogen group. 
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Table 14 

COMPARISON OF HALOGEN COUPLES 


Acid Solution 

F- F, 

Cl- cu HCIO HCIO2 CIO,- CIO4- 

^ I -1.47 i 


Br- -i;?- Hr, —HlirO 
/ I 


-1.49 


BrOa 


-1.52 




-1.14 


lOa- HalOe 


- 1.20 


Basic Solution 

F; ^^F, 

Cl- =:M« cu CIO- CIO,- co,- cio,- 


-0.94 


Br- Bra BrO- 


-0.54 


BrOa- 


-0.76 




-M6-0^7 


-0.49 


The marked decreaase in the oxidizing power of the free halogen 
from fluorine to iodine is to be noted. This leads to the replace¬ 
ment of a heavier halide by a lighter. For example, 

CI 2 + 2Br~ = Br 2 + 2C1-. 

A number of other so-called replacements occur with the oxygen 
ions, such as 

BrOa" + I- = IO 3 - + Br-, 


but these, of course, are complicated reactions occurring in steps 
and are not simple replacements. 

Most of these potentials are more negative than the water- 
oxygen couple, —1.23, and are capable, therefore, of liberating 
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oxygen from water. With the exception of fluorine, these reac¬ 
tions, however, are slow. 

The most powerful oxidizing couple among the oxygen ions is 
the periodate-iodate, but in alkaline solution the potential falls 
to a value somewhat less than the chloride-hypochlorite couple 
(cf. Table 11, p. 51); hence hypochlorite will partially oxidize 
iodate, and if silver ion is present, the equilibrium may be dis¬ 
placed to give practically complete oxidation of the iodate to 
periodate. 



CHAPTER VI 

Sulfur, Selenium, Tellurium, and Polonium 

Oxygen, the first member of Group VI, has been discussed in 
Chapter IV. Like oxygen, the other members of the group show 
a tendency to complete the octet oi s—p electrons by the addition 
of two electrons, but the stability of the —2 oxidation state 
decreases with increasing atomic weight. With the lighter ele¬ 
ments, the +4 and +6 states are the most stable, but the com¬ 
pounds of the latter increase in oxidizing power with the heavier 
elements and probably do not exist with polonium. The +2 
state is unstable with respect to the decomposition into the ele¬ 
ment and the +4 state, except in the case of polonium. Odd 
oxidation numbers are impossible with completed octets except 
by sharing a pair of electrons between two atoms of the group, 
for example, NaS 2 , and are generally unstable with respect to the 
even states. 


Sulfur 

The standard state of the element is solid rhombic sulfur. 
RandalP gives the following free energies: S (monoclinic, solid), 
18.3 cal.; and S (1), 94 cal. From the Bichowsky and Rossini 
heats of formation and the entropies, the following free energies 
may be calculated: S 2 (g), 17,500 cal.; S(g), 56,600 cal.; SeCg), 
8800 cal.; and SsCg), 5700 cal. 

Oxidation states. Sulfur has an oxidation number of —2 in 
sulfides. It forms polysulfides, for example, Sa , in which the 
average sulfur oxidation number is negative; but in these com¬ 
pounds it is rather ambiguous to assign polar numbers, as the 
sulfur atoms are linked by covalent bonds. The monoxide SO, 
with oxidation number of +2, is known as an unstable gas mole¬ 
cule, and derivatives of the acid H 2 SO 2 , the sulfoxylates, exist. 
The average oxidation number of +2 also occurs in the thiosulfates 
and pentathionates. Hyposulfite, S2O4 , corresponds to a value 

^ International Critical Tables, VII, 236. 
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of +3 for the oxidation number, and sulfite, SO*—, is +4. The 
+5 state is represented by dithionate, and the sulfates are +6. 
The so-called persulfates are peroxy-compounds. Numerous com¬ 
pounds are known in which the average oxidation number is a 
positive fraction, as in S*0*— and SiO*—. The problem of 
assigning oxidation states in these compounds is similar to that 
of the polysulfides mentioned above. Compounds with the 
halogens are known in which the sulfur has oxidation states of 
+1, +2, +4, and +6. 

The sulfide-sulfur couple. From the heat of formation of 
hydrogen sulfide by Zeumer and Roth* (—4800 cal.) and the 
entropy of formation (10.3 cal. pter degree), the free energy of 
formation of HjS(g) is —7870 cal. Combining this with the 
Lewis and Randall values for the free energies of solution and 
dissociation, one obtains: H*S(aq), —6520 cal.; HS~, 2950 cal.; 
and S , 23,420 cal. 


HjS = H+ 4- HS-, 

HS- = H+ + S—, 

The half-reaction potentials then are, 
H,S = S 4- 2H+ 4- 2e-, 

S— = S 4- 2e-, 

OH- 4- HS- = S 4- HsO 4- 2e-, 


K = 1.15 X lO-'' 
iC = 1.0 X 10-1* 


E° = -0.141 
E% = 0.508 

E% = 0.479 


Since a lAf NaS* solution contains 90 per cent HS-, the latter 
couple would correspond more nearly to the net reaction in lAf 
OH-. However, as sulfur dissolves in sulfide to form polysulfide, 
this couple could not be attained in equilibrium. Because of its 
slowness, the acid couple is not thermod 3 Tiamically reversible. 
Hydrogen sulfide is oxidized rapidly and quantitatively to sulfur 
by iodine and ferric ion. More powerful oxidizing agents, such 
as bromine, will take the sulfur on to sulfate. 

The polysulfides. The free energy and heat of formation of 
S— lead to a value of —6 cal. per degree for the entropy of S—. 
Using the Bichowsky and Rossini values for the heats of formation 
and assiuning the entropies S* , 0; S» , -f-5; and S* , 4-10; 
one calculates the free energies: S* , 23,100 cal.; S» , 22,400 cal.; 


* Zeutner, H., and Roth, W. A., Z. Elektroohem., 40, 777 (1934). 
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and Si —, 20,700 cal. The potentials of the following couples are 
of interest: 

2S— = S 2 — + 2c-, E% = 0.51 

S— + S 2 — = S 3 — + 2c- El = 0.52 

S— + S 3 — = S 4 — + 2c-, El = 0.55. 

The hydrogen ions, for example, HS 2 , are doubtless largely 
present in a one molal alkali solution and the heats and free 
energies of the reactions have not been corrected for these hy¬ 
drolysis effects, as the ionization constants are not known. Except 
for this point the potentials are probably fairly good. 

The sulfur-sulfurous acid couple. Eckman and Rossini® have 
measured the heat of formation of S02(g), —70,920 cal. Since 
the entropies are well known, this should give the most accurate 
value for the free energy of formation. Based on AS° as 2.73 cal. 
per degree, the free energy of S02(g) is —71,735 cal. From the 
Lewis and Randall free energy of solutions, AF° for H 2 S 03 (aq) 
is —128,535 cal. Sherrill and Noyes^ give 0.012 for the first 
dissociation constant for H 2 S() 3 , and Kolthoff^ gives 1 X 10'^ 
for the second constant. These values lead to the free energies 
HSO 3 -, -125,905 cal, and SO 3 —, -116,400 cal. Hence, 

H 2 SO 3 = H+ + HSOa-, X = 1.2 X 10 -’ 

HSO 3 - = + S03“", iiC = 1 X 10-^ 

3 H 2 O + S - H 2 SO 3 + 4H+ + 4c“, E^ = -0.45 

60H- + S— - SO 3 -*- + 3 H 2 O + 6c-, El = 0.61. 

From these potentials sulfurous acid is a fairly good oxidizing 
agent, while sulfite ion is very much weaker. The mechanism of 
the reduction probably goes through hyposulfurous acid with the 
one electron type of reducing agent. 

The sulfite-sulfate couple. The heat of formation of sulfate 
ion, —215,800 cal, and the entropy of formation, —133 cal. per 
degree, give —176,100 cal for the free energy of SO 4 —. The 
same value will be taken for H 2 SO 4 . On this basis the slight 

* Eckman, J. R., and Rossini, F. R., U. S. Bur. Standards J. Research, 3, 
597 (1929). 

* Sherrill, M. S., and Noyes, A. A., J. Am. Chem. Soc., 48,1861 (1926). 

« Kolthoff, I. M., Chem. Weekblad, 16, 1154 (1919). 
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weakness of HSO 4 , K = 0.012, must be included in the sulfuric 
acid activity. 

H 2 O + H 2 SO 3 - SO 4 — + 4H+ + 2e-, = -0.20 

20H~ + SO 3 — = SO 4 — + H 2 O + 2 c-, E% = 0.90. 

Sulfuric acid in molal solutions is thus a poor oxidizing agent, 
considerably weaker than the sulfurous acid. The heat of con¬ 
centration to form pure H 2 SO 4 , however, is 15 kcal. Hence, the 
concentrated acid becomes a stronger oxidizing agent, especially 
when heated, as the fugacity of the SO 2 which is formed increases 
rapidly with temperature. 

Thiosulfate and tetrathionate. Bichowsky® determined the 
equilibrium in the reaction 

SO 3 — + S(r) = S 2 O 3 —. 

His value for the free energy of the reaction, —8430 cal, leads 
to —124,800 cal. for the free energy of S 2 O 3 —. The accepted 
heat of formation of thiosulfate appears to be inconsistent with 
the free energy data, and a slightly lower value, —124,000 cal, 
will be taken arbitrarily as the free energy of thiosulfate. 

3 H 2 O + SsOa-"- = 2 H 2 SO 3 + 2H+ + 4c-, E° = -0.40 

60H- + 8203 -“ = 2 SO 3 — + 3 H 2 O + 4c-, E% = 0.58. 

However, with many oxidizing agents the thiosulfate is oxidized 
to tetrathionate, S 4 O 6 . Thomsen^ has measured the heat of the 
reaction of iodine with thiosulfate. There is considerable un¬ 
certainty in the interpretation of his value, 7950 cal. Considering 
his results, the probable entropy of the reaction, and other require¬ 
ments which the free energy of S 4 O 6 must meet, the free energy 
of the reaction is taken as, 

2 S 2 O 3 — + l 2 (s) = S 4 O 6 — + 21- = -16,500 cal. 

and combining with the potential of the iodine couple, 

28203 “ = S 406 “ + 2c-, = -0.17. 


* Bichowsky, F. R., J. Am. Chem. Soc., 46, 2225 (1923). 

7 Thomsen, J., Thermoche?ni$try (Longmans, New York, 1908), p. 213. 
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The free energy of formation of S 4 O 6 — is —240,000 cal. and the 
potential for the tetrathionate-sulfurous acid couple, 

6 H 2 O + SiOr- = 4 H 2 SO 8 + 4H+ + 6e-, = -0.48. 

Any oxidizing agent which is capable of oxidizing tetrathionate 
to sulfurous acid will, of course, take the sulfurous acid on to 
sulfate. It is interesting to note that the above potential is 
about the same as the iodide-iodine couple. Since iodine will not 
oxidize tetrathionate, the first step in the mechanism of the SiOe 
oxidation may have a potential which is more negative than the 
overall value. 

The oxidation of thiosulfate to tetrathionate may be carried out 
by electrolysis of alkali sulfites, the highest efficiency being ob¬ 
tained at low hydrogen-ion concentration. The process always 
results in some sulfate formation, and the ratio of tetrathionate 
to sulfate varies® with the presence of many substances. For 
example, the ratio is high in the presence of cobalt sulfate and 
low in the presence of molybdate. The reaction mechanism is 
doubtless complicated, and the ratio depends upon the potentials 
of the intermediate sulfur compounds and their relation to those 
of other oxidation-reduction couples which may be present either 
as added catalysts or formed by oxidation of the surface of the 
anode. The anodic oxidation potential is far higher than the 
reversible potential calculated above, the overvoltage being at 
least one volt. 

Sulfoxylic acid. Salts of sulfoxylic acid, H 2 SO 2 , are known, 
and the acid is said to be unstable with respect to the reaction, 

2 H 2 SO 2 = S 2 O,-- + 2H+ + H*0. 

From the free energies of thiosulfate and water, the free energy 
of sulfoxylic acid must be more positive than —90,000 cal. and 

2 H 2 O + S = H 2 SO 2 + 2 H+ + 26 - < -0.5 

H 2 O + H 2 SO 2 = H 2 SO 3 + 2 H+ + 26 -, E^ > -0.4 

H3rposulfurous acid, Jellinek® has measured the potential for 
the reaction, 

8204-- + 2H2O * Hj + 2HSO3-, E ^ « 0.01. 

» Cf. Glaestone, S., and Hickling, A., J. Chem. Soc., 2345 (1932), 

* Jellinek, K., Das Hydrosulfit (£nke, Stuttgart, 1911), p. 71. 
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This would make the free energy of S 2 O 4 —, —138,000 cal. How¬ 
ever, Berthelot^® has measured the heat of the reaction hypo- 
sulfite with oxygen to give bisulfite; and this thermal data, with 
the assumption of 8 cal. per degree as the entropy of S 2 O 4 —, 
gives —126,000 cal. for the free energy of formation. Both of 
these measurements were subject to large errors; hence, —130,000 
cal. will be chosen as an approximate value. Hyposulfurous acid 
is surprisingly strong. The acid dissociation constants are given 
as Jfi = 0.45 and K 2 = 0.0035 by Jellinek. In view of the large 
value for the first ionization, it will be treated as complete. The 
free energy of the acid ion HS 204 “, from the value of K 2 and the 
free energy chosen for h 3 posulfite, then, is —133,300 cal. The 
potentials in acid and base derived fnom these free energies are, 

2 H 2 O + HS 2 O 4 " = 2 H 2 SO 3 + H+ + 2e“, = 0.23 

40H- + S 2 O 4 — = 2 S 03 “ + 2 H 2 O + 2e~, E% = 1.4. 

Hyposulfite in alkaline solution is thus a powerful reducing agent. 
It is unstable with respect to the decomposition, 

2 Sa 04 “ + H 2 O = SaOa^- + 2 HS 03 -“, = -59,100 cal., 

and the rate of the decomposition is more rapid in acid solution. 

Hyposulfite may be prepared by cathodic reduction of bisulfite, 
HSOa”, solution. The solution must not be too acidic or the above 
decomposition will occur, and it must not be too alkaline since 
the reduction becomes difficult, as is indicated by the high posi¬ 
tive value for the potential in molal hydroxide. The mechanism 
of the reduction is unknown, but many substances appear to 
catalyse the formation of the hyposulfite. 

The thionic acids. Bichowsky and Rossini give the following 
heats of reaction relating the thionic acids: 

SaOe-- + S = S 3 O 6 —, - 1.2 kcal. 

S 3 O 6 — + S = S 4 O 6 ”, = 6.7 kcal. 

S 4 O 6 “f" S = SsOe f AH = 2.8 kcal. 

Because the entropy change in these reactions is probably zero 
within the accuracy with which the reaction heats are known, the 
free energies may be taken equal to the heats. Then using the 
value for the free energy of tetrathionate which was obtained 


Berthelot, M., Ann. chim. phys., 10,389 (1877). 



70 


GROUP VI ELEMENTS 


[Chap. VI 


above, one calculates the following free energies; S 2 O 6 , --248,000 
cal.; SsOe—, —247,000 cal; and SbOg , —237,000 cal. These 
values all appear to be somewhat too large negatively when 
compared with the heats of formation and the probable entropies 
of formation; however, it would be difficult to make the free 
energy of tetrathionate smaller in relation to the values which 
have been chosen for SO3 and S2O3 , and these figures will be 
taken in preference to the thermal values. 

A number of interesting oxidation-reduction potentials may 
be derived from these free energies. 

The average oxidation number of dithionic acid is +5, and the 
following couples give the potential for the change to the +4 
and +6 oxidation states. 

2 H 2 SO 3 = S 2 O 6 - + 4H+ + 2e-, = -0.20 

2 H 2 O + SoOc— = 2 SO 4 — + 4IU + 2e-, = -0.20 

Hence the decomposition reaction, 

S2O6— + H2O = H2SO3 + SO4—, AF° - 0. 

Although the energy of this reaction is favored in alkaline solu¬ 
tion, the rate experimentally is greater in acid. If it is presumed 
correctly that the value chosen for the free energy of S 2 O 6 may 
be too large, the decomposition energy would have a somewhat 
larger negative value. Yost and Pomeroyhave studied the 
action of oxidizing agents upon dithionate and find it compara¬ 
tively inert. The reaction rate depends in general upon the rate 
of the decomposition into sulfurous acid and sulfate, the former 
being rapidly oxidized. 

The conversion of sulfite to dithionate may be carried out by 
anodic oxidation and is in many ways similar to the oxidation of 
thiosulfate discussed above. The most efficient pH is about 8, 
and the overvoltage, or so-called anode polarization, is high. The 
yield is influenced by the presence of many substances, being 
high with fluoride and low with 


“ Yost, D. M., and Pomeroy, R., J, Am. Chem. Soc., 49,703 (1927). 
Cf. Essin, O., Z. Elektrochem., 34, 78 (1928). 
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The potential for the oxidation of trithionate and pentathionate 
are, 

3H2O + S3O6 - = 3H2SO3 + 2 e-, - - 0.68 

9 H 2 O + SsOr” = 5 H 2 SO 3 + 8H + 10^-, = -0.45 

The reaction mechanisms are doubtless complicated and the over¬ 
all potentials probably not very significant. Any oxidizing agent 
capable of oxidizing these thionates will be sufficiently strong to 
oxidize the sulfurous acid to sulfate. 

Since thiosulfate and pentathionate have the same average 
oxidation number for the sulfur, it is of interest to calculate the 
free energy of the conversion of thiosulfate to pentathionate. 

5 S 2 O 3 -- + 6H+ = 2 S 5 OG— + 3 H 2 O, = -24,000 cal. 

The free energy is not largo, and considering the obvious compli¬ 
cations of the mechanism it is not surprising that the rate of the 
reaction is slow. 

Peroxydisulfate. From the heat of formation of peroxydisul- 
fate, SaOg , chosen by Bichowsky and Rossini, and the entropy 
of formation; assuming the entropy of the ion to be 35 cal. per 
degree, one calculates the free energy of formation of H 2 S 2 O 8 
(or 8203 “", since it is a strong acid) to be —257,000 cal. 

2SOr~ = S 2 O 8 — + 2e-, E^ = -2.05 

This value places peroxydisulfate among the most powerful oxidiz¬ 
ing agents. The di-acid hydrolyzes to give the mono-acid, H 2 SO 6 , 
called ^'Caro’s acid.” The data for this acid are insufficient to 
calculate its free energy. The complete hydrolysis of the di¬ 
acid gives hydrogen peroxide, 

SjOa"- + 2 H 2 O = 2H+ + 2804"““ + H 2 O 2 , 

AF° = -13,300 cal. 

The free energy of the reaction is not large and the reaction is 
reversed at high concentrations of sulfuric acid and hydrogen 
peroxide. 

Peroxysulfate oxidations are generally slow at ordinary tem¬ 
perature but are catalyzed by silver ion; for example, the oxida¬ 
tion of manganous to permanganate in acid solution. The 
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mechanism of the catalysis has been studied by Yost^* who found 
that the rate-determining step was, 

S2O8" + Ag^ = 2SOr-” + Ag+++, 

followed by the rapid reduction of the +3 silver ion (cf. p. 181). 

The commercial preparation of peroxysulfate is by the anodic 
oxidation of sulfate, with an electrolyte of either concentrated 
sulfuric acid (70 per cent) or concentrated ammonium or potas¬ 
sium acid sulfates. Highest efficiency is obtained at low tem¬ 
peratures, 6® to 10*^ C., high current densities, and smooth platinum 
electrodes. With sulfuric acid both the mono- and di-acids are 
formed, and as the concentration of the former builds up, the effi¬ 
ciency decreases, the effect seemingly arising from the depolarizing 
action, that is, the reaction of the H 2 SO 6 with the oxidized surface 
of the electrode and the consequent lowering of the overvoltage. 
The presence of fluoride raises the overvoltage and increases 
the efficiency. At low concentrations of acid, oxygen is evolved, 
but at high concentrations the activity of the water is lowered to 
such an extent that the most favorable potential is the oxidation 
of the sulfate. With the ammonium sulfate process, using as 
high as 300 g of NH4HSO4 per liter, the efficiency is good (70 to 
80 per cent) and the process has the added advantage that the 
ammonium peroxydisulfate separates from the bath because of 
its lower solubility. This appears to keep down the formation of 
the monosulfate. The potassium and especially the sodium 
peroxysulfates are more soluble, and therefore the ammonium 
sulfate process is generally employed. 

The mechanism of the anodic oxidation of sulfate is imknown. 
It seems likely that it involves the oxidation of the sulfate ion 
to SOr and the combination of two such ions. The action of 
fluoride in increasing the efficiency may be through the formation 
of a fluoride layer on the anode, which thus makes more difficult 
the evolution of oxygen (cf. oxygen overvoltage). 

Sulfur-halogen compounds. There are very little data available 
for the calculation of the free energy of the many compoimds of 
sulfur with the halogens. Yost and Claussen^^ give —235,000 
cal. for the free energy of formation of the hexa-fluoride, SF®. 
Potentials fot the reduction of the hexa-fluoride in water solution 

Yost, D. M., J. Am. Chem. Soc., 48, 162 (1926). 

Yost, D. M., and Claussen, W. H., J. Am. Chem. Soc., 86 , 886 (1933). 
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would have but little significance because of its rapid hydrolysis. 
SFe + 4 H 2 O - SO 4 — + 8H+ + BF', Ar = -108 kcal. 

Lewis and Randall calculate from the work of Trautz^^ that the 
free energy of formation of sulfuryl chloride (gas) from sulfur 
dioxide and chlorine is —1900 cal. This, combined with our 
value for sulfur dioxide, gives —73,600 cal. as the free energy of 
formation of S02Cl2(g). Its free energy of hydrolysis is, 

SOjCbCg) + 2 H 2 O = SO 4 — + 4H+ + 2C1-, 

== -51,800 cal. 

Bichowsky and Rossini give —14,300 cal. for the heat of forma¬ 
tion of 82012 ( 1 ). Estimating the entropy of the compound to be 
40, the entropy of formation is —28 cal. per degree, and the free 
energy of formation is —5900 cal. The potential for the reduc¬ 
tion to chloride and sulfur then is, 

2 S + 201- = S 2 OI 2 + 2 e-, = -1.23. 

Reduction of sulfur compounds in steps. For convenience, the 
half-reactions connecting one oxidation state with the higher 
and lower state have been summarized in Table 15. It is im¬ 
portant to keep in mind that these couples are not generally 
subject to rapid reversibility and hence the potentials, while 
valuable in many problems, cannot be used in the equilibrium 
sense. The schematic representation at the foot of Table 15 is 
useful (see page 74). 


Selenium 

The standard state of the selenium element is the hexagonal 
crystalline solid. Two imstable modifications, the red monoclinic 
and the vitreous, exist. The heat of transition for the former is 
200 cal. and for the latter 1100 cal. The heat of sublimation to 
form the monatomic gas in the 4 s^ 4 p^(®P 2 ) state is not known. The 
heat of formation of the Se 2 molecule is given as 29,500 cal., and 
assuming the same entropy for the reaction as the analogous 
sulfur reaction, the free energy of formation is 17,800 cal. The 
gas molecules See and Seg also exist, but the thermal data are too 
meager for the calculation of their free energies. 

»*Trautz, M., Z. Elektrochem., 14, 534 (1908). 
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Oxidation states. The oxidation state of selenium is —2 in 
the selenides, +4 in selenites, and +6 in selenates. Oxygen 
compounds corresponding to the +2, +3, +5 states and the 
poly-acids of sulfur are not known. Polyselenides as NaSe 2 
and NaSea exist but are less stable than the polysulfides. Com¬ 
pounds with the halogens are, in general, similar to those of sulfur 
with the halogens. 

The selenide-selenium couple. Bichowsky and Rossini give 
18,500 cal. as the heat of formation of H 2 Se(g). From analogy to 
the entropy of formation of H 2 S, the value 10.6 will be used for 
the entropy of formation of H 2 Se(g). Hence, the free energy of 
formation is 15,300 cal. McAmis and Felsing^® found 1421 cal. 
for the free energy of solution. Bruner^^ found 1.7 X 10“^ as 
the first dissociation constant for aqueous hydrogen selenide. 
The second constant is not known, but a value of 10~^® is probably 
not far off. We then find the following free energies: H 2 Se(aq), 
16,720 cal.; HSe“, 22,120 cal.; and Se , 35,760 cal. If one calcu¬ 
lates the free energy of Se from the accej^ted heat of formation 
and any reasonable assumption for its entropy, the value obtained 
is at least 10,000 cal. greater; hence, it would appear that the 
heats of neutralization of H 2 Se are in error by this amount. 
These values lead to the following potentials: 

H 2 Se(aq) = Se + 2H+ + 2c-, = 0.36 

Se = Se “f" 2c—, E% = 0.78. 

The selenides are thus unstable with respect to the oxidation by 
hydrogen ion but the reaction appears to be slow. 

The selenium-selenite couple. Schott, Swift, and Yost^® have 
determined the potential of the selenium-selenite couple in water 
solutions by direct equilibrium methods. They found for the 
free energies: H 2 Se 03 (aq), —101,361 cal.; HSeOs", —97,850 cal.; 
and SeOs"-, —87,890 cal. These values are in close agreement 
with the thcnnal data. The potentials are: 

Se + 3 H 2 O = HoSeOa + 4H+ + 4c- = -0.740 

60H- + Se = Se 03 ~“ + 3 H 2 O + 4c-, E% = 0.35. 

McAmis, A. J., and Felsing, W. A., J. Am. Chem. Soc., 47, 2633 (1925). 

Bruner, L., Z. P^lektrochem., 19, 861 (1913). 

** Schott, II. F., Swift, E. H., and Yost, D. M., J. Am. Chem. Soc., 60, 
721 (1928). 
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From the fact that they were able to get equilibrium with iodide 
and iodine, the couple is reversible and fairly rapid. 

Selenite-selenate couple. Sherrill and Izard^® measured the 
equilibrium between the selenite-selenate couple and the chloride- 
chlorine and bromide-bromine couples. From their work, one 
calculates 107,840 cal. as the free energy of HSe 04 “. Using the 
dissociation constant 10"^, the free energy of Se 04 ~“* is 105,120 
cal. This value will be used for both the ion and the acid, but in 
actual solution the correction for the HSe 04 "" should be made. 
The heat of formation of Se 04 is given as —146,400 cal. Esti¬ 
mating 135 as the entropy of formation in comparison to 133 for 
SO 4 , the calculated free energy is 105,900 cal., in good agreement 
with the value from the equilibrium data. The potentials are: 

H 2 O + H2Se03 = Se04— + 4H+ + 2e~, = -1.15 

20H- + SeOa— = Se04~- + H 2 O + 2e-, E% = -0.03. 

Since equilibrium was established with the chlorine couple in four 
to seven days and with the bromine couple in jfifty to seventy 
days, selenic acid is not a very rapid oxidizing agent. For some 
unknown reason the reduction with halide ions is faster than with 
more powerful reducing agents. For example, there is no appre¬ 
ciable reduction with H 2 S, SO 2 , or Fe^. 

Selenium halogen compounds. Yost and Claussen^® reported 
— 246,000 cal. as the heat of formation of selenium hexafluoride 
gas. Using the same AS° as for the sulfur hexafluoride, —90 cal. 
per degree, the free energy is —219,000 cal. and the free energy 
of its hydrolysis would be 

SeFfiCg) + 4 H 2 O = Se04“ + 8H+ + 6F-, 

= -53 kcal. 

Bichowsky and Rossini give —22.13 kcal. as the heat of forma¬ 
tion of Se 2 Cl 2 (l). Using the same entropy of formation as for 
the corresponding sulfur compound, —28 cal. per degree, the free 
energy of formation is —13,730 cal. The potential for reduction 
to chloride and selenium then is, 

2Se + 2C1- = SeaCb + 2 e", E^ = -1.06. 

Similar calculations may be made for SeCb and SeCU. 

Sherrill, M. S., and Izard, E. F., J. Am. Chem. Soc., 50, 1666 (1928). 

Yost, D. M., and Claussen, W. H., J. Am. Chem. Soc., 56, 886 (1933). 
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Tellurium 

The standard state of the tellurium element is the crystalline 
solid. An unstable amorphous form is common. The heat of 
transition of the amorphous or precipitated tellurium is given as 
2.7 kcal. From the Bichowsky and Rossini values for the heat 
of formation of the monatomic atom and the diatomic molecule, 
together with the entropy data, one calculates for the free energy 
of Te(g), 46.0 kcal. and Te 2 (g), 12.3 kcal. 

Oxidation states. Like selenium, the —2, +4, and +6 oxida¬ 
tion states of tellurium are the only ones of importance. The 
+2 oxide, TeO, exists, and in cold hydrochloric acid it appears to 
form the salt TeCh, but when the solution is warmed it decom¬ 
poses into the free element and a +4 complex chloride. 

The telluride-tellurium couple. The heat of formation of hy¬ 
drogen telluride gas, H 2 Te, is given as 34,200 cal. The entropy 
is not known experimentally, but the estimated entropy of forma¬ 
tion of 10.6 cal. per degree is doubtless more accurate than the 
value for the heat. From these values the free energy of forma¬ 
tion of H 2 Te(g) is 31,000 cal. The free energy of solution appears 
to be about 1000 cal. Hence the free energy of H 2 Te(aq) is 
32,000 cal., and 

H 2 Te(aq) = Te + 2H+ + 2^-, = 0.69. 

De Hlasko^^ gave 0.0023 for the first dissociation constant of the 
acid. For the second constant, Kasarnowsky^ guessed 2.5 X 10~^, 
but 10”® would seem to be a maximum. From these ‘‘data’^ 
the probable value for the free energy of HTe"" appears to be 
35,500 cal. and of Te , 42,300 cal. 

Te”” = Te + 2e”, E% = 0.92 

Kasamowsky reports from direct cell measurements, 

Tes— = 2Te + 2^”, = 0.84 

from which the free energy of Tea is 38,750 cal. From the two 
half-reactions one calculates 

Te— -h Te = Te,—, AF® = -3550 cal. 

The value for this free energy appears reasonable. As the high 
positive potentials indicate, —2 tellurium is a powerful reducing 

De Hlasko, M., J. chim. phys., 20, 167 (1923). 

*• Kasamowsky, J., Z. anorg. allgem. Chem., 128, 32 (1923), 
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agent, and much of the difficulty in obtaining accurate data on 
these compounds arises from the inability of the experimenters 
to prevent some oxidation. 

The tellurium-tellurous acid couple. Schuhmann^* has deter¬ 
mined by direct measurement the following couples: 

2 H 2 O + Te = Te02(s) + 4H+ + 4e- == -0.529 

2 H 2 O + Te = TeOOH+ + 3H+ + 4e-, = -0.559. 

The corresponding free energy values are Te02(s), —64,530 cal. 
and TeOOH"^, —62,480 cal. This author also gave Te02 as the 
stable solid in equilibrium with water and reported, 

TeOs + H+ = TeOOH+, X - 8.9 X 10-^ 

TeOz + H 2 O = TeOOH+ + OH", X = 8.9 X 10-^^ 

Kasarnowsky^^ gave 

TcOsCs) + H 2 O = HjTeOaCs), AF == 5550 cal. 

From these values one calculates for the free energy of the H 2 Te 03 , 
— 115,670 cal. and for the basic dissociation of TeO(OH) 2 , 

TeO(OH) 2 (s) = TeOOH+ + OH- K == 1 X 10"“. 

Blanc^^ reported Ki = 2 X 10“^ and E '2 = 1 X 10“® for the two 
acid constants, but there are no accurate data on the solubility 
of the acid in water. The free energy of the ion TeOa could 
be calculated directly from the heat of formation, —141,000 cal., 
if its entropy were known. Estimating —5 as this value, the 
calculated free energy is —104,500 cal. 

60H" + Te = TeOa— + 3 H 2 O + 4e", E% = 0.02. 

The tellurous acid-telluric acid couple. From the thermal data • 
tabulated by Bichowsky and Rossini, 

4H20(1) + Te02(s) = H6Te06(s) + H 2 , AH^ = 45,600 cal. 

The entropies of TCO 2 and HeTeOc are not known, but from 

Schuhmann, R., J. Am. Chem. Soc., 47, 356 (1925). 

Ksarnowsky, J., Z. physik. Chem., 109, 287 (1924). 

26 Blanc, E., J. chim. phys., 18, 28 (1920). 
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similar compounds the values 16 and 47 are estimated. AS"" 
for the reaction is —5 cal. per degree and AF° = 47,100 cal. 

4 H 2 O + Te02 = H6Te06(s) + 2H+ + 26“, 

E° = - 1.02 

The free energy of solution of the orthotelluric acid is not known 
but it does not appear to be large, and this value for the solid 
can be used for any approximate calculations. The calculated 
potential is consistent with the fact that oxidizing agents of about 
the strength of chlorine are required to oxidize tellurousacid to 
telluric. Thermal data on the meta-acid H 2 Te 04 and the ion 
Te 04 give results which are in disagreement with chemical 
properties, hence it is impossible to give a potential for the tel- 
lurite-tellurate couple in alkaline solution. However, h 3 ^poiodite 
is capable of oxidizing tellurite, hence 

20H- + TeOa— = TeOr" + ILO + 26“, 

E% > -0.4. 

Like selenic acid, telluric acid is reduced much more readily by 
halide ions than by more powerful reducing agents, such as 
stannous and sulfur dioxide. 

Halogen compounds of tellurium. Using the heats of reactions 
and entropy values similar to those employed for the analogous 
sulfur compounds, free energies may be calculated for TeFe, 
TeCh, and TeBr 4 . The complex ions TeCU and TeBre exist 
in water solutions at moderate concentration of halide ions; 
and salts, such as (NH 4 ) 2 TeCl 6 , may be crystallized. Reichin- 
stein^® has measured the potential of tellurium against solutions of 
TeCU in 2.5 M HCl. Although the complex ion formula is un¬ 
certain, we shall write from his results 

6CI- + Te = TeCL— + 46", = -0.55. 

This would make the free energy of TeCL —137,400 cal. If 
one calculates the free energy of TeCl 4 (s) from thermal data, 
assuming the entropy of the TeCh to be 52, the free energy of the 
TeCU is —57,400 cal., and hence 

TeCl 4 (s) + 2C1- = TeCU"- AF = -17,300 cal. 


Reichinstein, D., Z. physik. Chcm., 97, 257 (1921). 
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This equation is subject to a reinterpretation of the formula of 
the complex ion in Reichinstein's investigation. 

Polonium 

The standard state of the polonium element is the metallic 
solid. Nothing is known with regard to its thermal properties, 
as it has never been isolated in sufficient quantity to study. 

Oxidation states. Our knowledge of the chemistry of polonium 
is based upon its radioactive properties, in the sense that its 
behavior toward various reagents can be studied by observing 
whether the activity goes with the precipitate or remains in solu¬ 
tion. It forms a very unstable hydrogen compound, H 2 P 0 , —2 

Table 16 

POTENTIAL VALUES RELATING THE IMPORTANT OXIDATION 
STATES OF GROUP VI IN ACID SOLUTION 


~2 0 +4 


-h6 


HaO 

HaS 

HaSe 

HaTe 

HaPo 


-1.23 

-0.14 

0.35 

0.69 

>1.0 


Oa 

S 

Se 

Te 

Po 


-0.45 

-0.74 

-0.53 

-0.74 


HaSOaCaq) 

HaSeO*(aq) 

TeOa(s) 

PoOa(s) 


- 0.20 

- 1.15 

- 1.02 

--L5(?) 


SO4— 

SeOr- 

H«TeO.(8) 

PoO,(8)(?) 


state, and appears to exist in water solution as +2 polonium, 
Po"*^. The oxidation state of +4 occurs in P 0 O 2 . 

Polonium couples. From its chemical behavior, one estimates, 

HaPoCg) = Po + 2H+ + 26-, > 1.0. 

Paneth and Hevesy^ and Haissinsky^ have studied the potentials 
for the cathodic reduction of polonium to the metal and the anodic 
oxidation to the dioxide. From their work the probable values 
seem to be, 

Po = Po-^+ + 26“ = -0.65 

2 H 2 O + Po^-^ = P 0 O 2 + 4H+ + 26“, E^ = -0.8 

60H- + Po - P0O3-- + 3 H 2 O + 46“, E% = 0.6 

Paneth, F., and Heveey, G. v., Monateh., S4, 1593 (1913). 

*• Haissinsky, M., J. chim. phys., 29, 453 (1932). 
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The corresponding free energies are: Po'^+, 30,000 cal.; P 0 O 2 , 
—106,000 cal.; PoOs—, —102,000 cal.; and H 2 Po(g), > 46,000 cal. 

Summary of Group VI potentials. In order to show the trends 
exhibited by the oxidation-reduction potentials in the group, 
the values relating the —2, 0, -f4, and +6 oxidation states 
have been summarized in Table 16. 

The most striking characteristic of these potentials is the 
decrease in the power of the free elements as oxidizing agents. 
The acids of the +4 and +6 states increase in oxidizing power 
with increasing atomic weight with the exception that the poten¬ 
tials of the selenium acids are unduly high. 



CHAPTER VII 


Nitrogen, Phosphorus, Arsenic, Antimony, 
and Bismuth 

The elements of Group V of the periodic system vary in proper¬ 
ties from highly electronegative nonmetallic nitrogen to distinctly 
metallic bismuth. The stability of the —3 oxidation state de¬ 
creases sharply as the atomic weight increases. In the +3 and +5 
states of the oxygen acids, the elements are good oxidizing agents 
except in the case of phosphorus. The most powerful oxidizing 
agent of the group is the +5 bismic acid. The nonnal electronic 
state of the atoms of the group is 

Nitrogen 

The standard state of the element is the gas N 2 . Herzberg and 
Sponer^ report 7.34 volt-electrons as the dissociation energy; and 
this, together with the entropy of dissociation (13.73 cal. per 
degree), gives 81,000 cal, as the free energy of atomic nitrogen. 

The oxidation states. Nitrogen forms compounds having all 
the oxidation states from ~3 to +5. The most important com¬ 
pounds in the various states are: —3, ammonia, NH 3 ; — 2 , hydra¬ 
zine, N 2 H 4 ; —1, hydroxylamine, NH 2 OH; +1, nitrous oxide, 
N 2 O and hyponitrous acid, H 2 N 2 O 2 ; + 2 , nitric oxide, NO; -1-3, 
nitrous acid, HNO 2 ; 4*4, nitrogen dioxide, NO 2 and nitrogen 
tetroxide, N 2 O 4 ; and +5, nitric acid, HNO 3 . In general, the 
compounds of the even numbers contain an even number of nitro¬ 
gen atoms, but nitric oxide is an odd molecule and possesses but 
slight tendency to fonn a double molecule. Very few compounds 
are known in which the average oxidation number of the nitrogen 
is fractional. Hydrazoic acid, HN3, is an example of such a 
compound. 

Free energies from thermal data. Lewis and Randall sum¬ 
marized the data on several important equilibria involving nitrogen 
compounds and gave values for the free energies of a number of 

1 Herzberg, G., and Sponer, H., Z. physik. Chem., B26,1 (1934). 
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these compounds. The entropies of many nitrogen compounds 
are now known with accuracy, so that a more reliable set of free 
energies may be obtained employing the Third Law of Thermo¬ 
dynamics. For convenience in later calculation, data on the free 
energies of formation are summarized in Table 17. 

The thermal data for the nitrogen oxides are from Giauque and 
Kemp.^ Other heats of formation are taken from Bichowsky and 
Rossini, with the exception that 25,600 has b('(‘ri used for N 02 ~ 
instead of their 25,300. There is still considerable uncertainty 
in some of the heats, especially for nitric oxide, but in general the 
third law values are to be preferred to tliose obtained from equi¬ 
librium data. The entropy of hydroxylamine, NH 20 H(aq), has 

Table 17 


FREE ENERGIES OF PX)RMATION OF NITROGEN GOMPOTTNDS 


Compound 

A//” 

AS" 

j AF" (Third l.aw ) 

j AF" (L and R) 

NO(r) 

21,530 

2.9 

20,660 

20,850 

N,0(r) 

19,650 

-17.7 

24,930 


KO..(k) 

7,964 

-14.5 

12.274 

11,920 

N204(k) 

2,239 

-71.1 

23,440 

22,640 

NO 3 - 

-49,HK) 

-77.1 

-26,250 

-26,500 

NOr 

--25,600 

-57.5 

-8,450 

-8,500 

NH:,(k) 

-11,000 

-23.7 

-3,940 

-3,910 

NjH.Caq) 

4,500 

(-85.0) 

29,800 


Ts'inOHCaq) 

-21 ,700 

(-54.0) 

-5,600 


HjNjOiCaq) 

-8,400 

(-74.0) 

13,600 


HN3(aq) 

54,600 

(-36.0) 

65,300 


NOCl(g) 

12,800 

-13.3 

16,750 

16,010 


been estimated as 40 in comparison with 43 for NH4OH; N2H4(aq) 
as 33 in comparison with 26 for NHsCaq); H 2 N 2 O 2 as 52 in com¬ 
parison with 55 for H2SO3; and HN 3 as 48 against 50 for HNO2. 
There are no equilibrium values for these compounds, and errors 
ifi the heats of formation are probably greater than the errors in 
the estimated entropies. 

Equilibria involving HNO3, HNO2, N2O4, NO2, and NO. From 
Table 17, the free energy of nitrite ion is —8450 cal. Schumann® 
reported 0.00045 for the ionization constant of nitrous acid. This 
makes the free energy of ionization 4570 cal. and the free energy of 


* Giauque, W. F., and Kemp, J. D., J. Chem. Phys., 6, 40 (1938). 
» Schumann, M., Ber., 33 , 527 (1900). 
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formation of nitrous acid 13,020 cal. From Table 17 the free 
energy of nitrate ion is —26,250 cal. Nitric acid will be treated 
as completely dissociated, so the same value is used for the acid. 
Before discussing nitric and nitrous acid potentials, a number of 
equilibria should be considered. 

From Table 17, 

2 NO 2 = N2O4, AF® = -1110 cal., 

and the equilibrium constant for the reaction is 6.5. Hence at 
25® C. the equilibrium mixture is largely N 2 O 4 and equations will 
generally be written with tetroxide instead of the dioxide. 

In alkaline solution, nitrogen tetroxide is unstable with respect 
to the decomposition into nitrite and nitrate, 

N2O4 + 20H- = NO 2 - + NO 3 - + H 2 O, AF® = -39,660 cal. 

In cold water, low concentrations of N 2 O 4 react to form a blue 
solution of nitric and nitrous acids. The free energy at 25® C. is 

N 2 O 4 + H 2 O = HNO 2 + + NOs-, AF® = -6020 cal. 

However in concentrated nitric acid the reaction is reversed and 
nitrous acid is oxidized to the tetroxide. 

From the free energies of Table 17 we may also calculate, 

2 HNO 2 = NO + NO 2 + H 2 O, AF® = 2280 cal. 

This small positive free energy shows that there is a very appre¬ 
ciable pressure of NO and NO 2 in equilibrium with a nitrous acid 
solution, but a still more important reaction is the decomposition 
of nitrous acid into nitric acid and nitric oxide, 

3 HNO 2 = H+ + NO 3 - + 2NO + H 2 O, AF® - -2260 cal. 

The direct experimental value for the equilibrium constant leads 
to a free energy of —2040 cal. as calculated by Lewis and Randall. 
The rate of the reaction is not rapid in cold dilute solutions of 
nitrous acid, but it becomes so upon heating. Hence, in warm 
concentrated solutions of the tetroxide the principal equilibrium 
is the following: 

3 NO 2 + H 2 O = 2 N 03 ^ + 2H+ + NO, AF® = -10,800 cal. 

The free energy is not large however, and nitric oxide passed into 
concentrated nitric acid would obviously form an appreciable 
amount of NOa or N2O4. 
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The reduction of nitric acid. From the above equilibria it 
follows that the reduction products, obtained upon the addition of a 
reducing agent to an excess of nitric acid, will depend very largely 
upon the concentration of the nitric acid. In many cases the 
first step is doubtless the reduction to nitrous acid, 

H 2 O + HNO 2 = NO 3 - + 3H+ + 2 c- = -0.94. 

But at low acid concentration, because of the decomposition of the 
nitrous acid, the net reaction is, 

2 H 2 O + NO = NO 3 - + 4H+ + 36“, = -0.96 

and at high acid concentrations, 

2 H 2 O + N 2 O 4 = 2 NO 3 - + 4H+ + 26-, E^ = -0.8L 

The potential of this last couple changes rapidly with the con¬ 
centration of hydrogen ion. Concentrated nitric acid is a rapid 
and powerful oxidizing agent, but in low hydrogen ion it is not only 
weak but also very slow in its reaction rate. 

As an example of the effect of concentration upon the reduction 
products, one may cite the reduction of nitric acid by arsenious 
acid: with HNOs of density 1.45 the product is 1 part NO and 
5 parts N 2 O 4 ; with acid of density 1.35, the composition cor¬ 
responds to N2O3 (NO + NO2) and an acid density of 1.20 gives 
almost pure NO. 

In view of these potentials, a powerful oxidizing agent is required 
to oxidize nitrous acid to nitric acid, and the reaction is quantita¬ 
tive with permanganate. Nitric oxide is, of course, readily 
oxidized to N 2 O 4 by molecular oxygen, but it is remarkably inert to 
oxidation by many powerful agents, although Pb 02 , Mn 02 , and 
KMn 04 will oxidize it slowly to nitric acid. 

The nitrogen-tetroxide couples in acid solution are, 

2 HNO 2 = N 2 O 4 + 2H+ + 26-, ET = -1.07 

2 H 2 O + 2NO = N 2 O 4 + 4H+ + 46-, E^ = -1.03. 

These values place the tetroxide about equal to bromine as an 
oxidizing agent in molal acid solution. Its action is much more 
rapid in general than nitric acid. 

The nitrite-nitrate couple. Because of the decomposition of 
nitrogen tetroxide in alkali and of the greater stability of nitrite 
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ion, the net halLreaction for the reduction of nitrate ion in hy¬ 
droxide solution is, 

20H- + NO 2 - == NO 3 - + H 2 O + 2e-, E% - -0.01. 

Tlie reduction of nitrate is slow with many reducing agents, but it 
goes with sodium amalgam and with ferrous hydroxide, and it may 
also be carried out electrolytically with copper or silver cathodes. 
Because of the more rapid reduction of nitrite, it is difficult to stop 
the reaction at tlie nitrite state even when no excess of reducing 
agent is used. The presence of cupric ions appears to favor the 
electrolytic reduction to nitrite in neutral solution, but lead ion 
catalyzes the reduction to lower oxidation states. 

Nitrite may be oxidized to nitrate by comparatively weak 
oxidizing agents and also by anodic oxidation. The rate of the 
latter reaction is favored by low hydroxide concentration, contrary 
to the prediction from the overall reaction potentials. However 
the mechanism of the reaction is unknown and the accompanying 
oxidation of the water to oxygen is also favored by high hydroxide 
concentration. 

The reduction of nitrous acid. Ferrous ion, a weak reducing 
agent, and titanous ion, a powerful reducing agent, both reduce 
nitrous acid to nitric oxide; while stannous ion, which is inter¬ 
mediate in potential, reduces nitrous acid to hydroxylaminc when 
the solution is cold, and to nitrous oxide when the solution is hot. 
The first two are one-electron reducing agents, and the reduction 
to nitric oxide involves but one electron. Because of the remark¬ 
able inertness of nitric oxide, the reaction stops at this point. The 
potential of the nitric oxide-nitrous acid couple is, 

H 2 O -f NO - HNO 2 + + e-, = -0.99. 

It is generally assumed that two-electron reducing agents such as 
stannous ion first fonn with nitrous acid some intermediate 
compound of +1 oxidation number. Both nitrous oxide, N 2 O, 
and hyponitrous acid, H 2 N 2 O 2 , correspond to this state, but the 
intermediate is thought to be nitroxyl, NOH, or possibly dihy- 
droxylammonia, NH(OH) 2 . From the electron structures the 
latter seems somewhat more reasonable, as it does not involve 
breaking an oxygen-nitrogen bond. 

H 

:0:N:0:H :N:6:H H:0:N:0:H 

(nitrous acid) (nitroxyl) (dihydroxylammonia) 
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Harteck^ has prepared a form of HNO by the reaction of atomic 
hydrogen with nitric oxide, and atomic oxygen with ammonia at 
liquid air temperature. He has also claimed the preparation of 
NaNO by the reaction of sodium and nitric oxide in liquid ammonia. 

The free energies of NOH and NH(OH )2 are not known. The 
calculated free energy of hyponitrous acid (see Table 17) depends 
upon the determination of Berthelot® of the heat evolved in the 
oxidation of hyponitrous acid to nitric acid by bromine. The 
small positive value of the free energy seems fairly reasonable, 
but it leads to a very large free energy for the decomposition of 
hyponitrous acid to nitrous oxide. 


H2N2O2 — N2O -f- H2O, 


AF^ = -^45,360 cal. 


The reaction is known to be irreversible, as the hijm free energy 
indicates, but it is quite possible that our value for/he free energy 
of H 2 N 2 O 2 is somewhat too positive, and the deeoi/^position energy 
is smaller than — 45 kcal. It would seem that iVe potential for the 
reduction of nitrous acid to nitroxyl would 1 ^more nearly equal 
to that of the hyponitrous acid-nitrous acm couple than to the 
nitrous oxide-nitrous acid couple since nitT^?ixyl must also be very 
unstable with respect b»44&,,decomp?5i^^ to form nitrous oxide. 

2 H 2 O + H 2 N 2 O 2 = 2 HNO 2 + 'iW + 4c-, = -0.80 


3HtjO + Na 


^2^^02 + 4H+ ^ 4c-, 
_2HW2>4H+ ^ 4c-, 


- 1.29 


Similarly the redaction ofT^VTOiiitrous acid to hydroxylamine 
should be a fair apprpximation'''^rTtie corresponding reduction of 
NOH. \ 


2 NH 3 OH+ = H 2 N 2 O 2 


= 


This small negative value should constitute a barrier to the reduc¬ 
tion of nitrous acid to hydroxylamine by weak reducing agents. 
The ionization constants of H 2 N 2 O 2 are said to be similar to those 
of carbonic acid. 

The free energy of hydroxylamine is given in Table 17, and the 
value for the acid ion is obtained from the basic ionization constant 
given by Winkelbleck.® 

NH 20 H(aq) + H2O = NH3OH+ + OH", K = 6.6 X 10 “® 
This leads to -13,540 cal. as the free energy of NH3OH+. 


* Harteck, P., Ber., 66, 423, 768 (1933). 

* Berthelot, M., Ann. chim. phys., 18, 571 (1889). 

* Winkelbleck, K., Z. physik. Chem., 86, 574 (1901). 
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Bray, Simpson, and MacKenzie^ have studied the oxidation of 
hydroxylamine by ferric ion which is powerful enough to oxidize 
it to NOH but does not oxidize NOH to HNO2. They found 
that at high acid concentrations the product was quantitatively 
NoO, the mechanism probably being the formation of NOH and 
its decomposition into nitrous oxide, 

2NOH = N 2 O + H 2 O. 

At low hydrogen ion, nitrogen was formed, presumably through 
the reaction, 

NH 3 OH+ + NOH = N 2 + 2 H 2 O + H+. 

The faster rate of decomposition of nitroxyl in acid may arise from 
its slightly basic character and the formation of which then 
reacts with NOH to link the nitrogens together. The ordinary 
splitting out of water between two nitroxyl molecules would 
produce N-O-N and not N-NO which is the actual atomic arrange¬ 
ment in nitrous oxide. 

More powerful oxidizing agents than ferric ion will, of course, 
oxidize hydroxylamine to nitrous acid. Under these conditions 
nitrous oxide may be formed by the reaction, 

HNO2 + NHaOH-^^ = N2O + 2H2O + H+, - - 61.9 kcal. 

Under suitable conditions the product is hyponitrous acid, 

HNO2 + NHaOH^ = H2XN2O2 + H2O + H+ AF^ = - 16.5 kcal. 

A possible mechanism for the formation of nitric oxide by the 
reduction of nitrous acid is through nitroxyl and its reaction with 
the excess nitrous acid, 

NOH + HNO2 = 2 NO + H2O. 

However it is doubtful whether this is the case with the one- 
electron reducing agent such as titanous ion, but it may be the 
explanation of the action of stannous ion. With an excess of this 
reagent in low acid, nitrous oxide is formed; but with excess nitrous 
acid, nitric oxide results (cf. Raschig®). 

There is some evidence of the existence of nitrohydroxylamic 

^ Bray, W. C,, Simpson, M. E., and MacKenzie, A. A., J. Am. Chem. 
Soc., 41 . 1363 (1919). 

* Raschig, F., Z. anorg. allgem. Chem., 155 . 225 (1926). 
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acid, H 2 N 2 O 8 , in which the nitrogen is also in the +2 oxidation 
state. The acid is considered to be unstable with respect to the 
decomposition into nitric oxide and water. The role which it 
plays, if any, in the oxidation of nitroxyl or the reduction of 
nitrous acid is unknown. 

The hydroxylamine-ammonium couple. Combining the free 
energy value of ammonia gas (Table 17) with the values chosen by 
Lewis and Randall for the free energy of solution and the free 
energy of ionization of ammonium hydroxide {K = 1.81 X 10~®), 
one obtains the following free energies: NH 3 (aq), —6330 cal.; 
NH 4 OH, —62,990 cal.; and NH 4 ^, —18,960 cal. The potential 
for the hydroxylamine-ammonium ion couple then is, 

H 2 O + NH 4 + = NH 3 OH+ + 2H+ + 2c“, = -1.35. 

This value would indicate that hydroxylamine is a powerful 
oxidizing agent, but actually its rate of reduction is slow with 
many powerful reducing agents. For example there appears to be 
no reduction with stannous ion in acid solution. The reaction 
does go in acid, however, with zinc, ferrous, and titanous. On the 
other hand, very powerful oxidizing agents are required to oxidize 
ammonium ion as the potential requires, and in general any oxidiz¬ 
ing agent which will oxidize ammonium ion to hydroxylamine will 
take it on up to nitric acid. 

Hydroxylamine is unstable with respect to the decomposition 
into ammonium ion and nitrous oxide, 

4NHjOH+ * N 2 O + 2NH4-^ + 3 H 2 O + 2H+, = -118,900 cal., 

and the reaction is favored by alkali as the equation indicates. 
The mechanism is doubtless through nitroxyl so that some nitrogen 
may also be formed simultaneously by the reaction of the NOH 
with NHaOH*^ as discussed above. 

Bancroft® has presented evidence that nitrous acid may be 
reduced to ammonium without going through the hydroxylamine 
stage. As a hypothetical mechanism the formation of NH or 
N 2 H 2 might be assumed. But this substance would certainly 
have a more positive free energy than hydroxylamine so that the 
reduction from the -f* 1 to the — 1 state would be difficult. It is, 
however, a possible process with powerful reducing agents. 

» Bancroft, W. D., J. Phys. Chem,. 28, 475 (1924), 
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The reduction of nitrous acid with sulfite. The one reducing 
agent for which the mechanism of the reduction of nitrous acid is 
best understood is sulfurous acid. The intermediate compounds 
are shown in the following scheme. 


STEPS IN THE REDUCTION OF NITROUS 
ACID Wmi SULFITE 


HNO2 

with 

Hsor 

HSO3N0 

(nitrosulfonic acid) 

with 

Hsor 

(1LS03)2-N0H 

(hydroxy lamine 
disulfonic acid) 

with 

Hsor 

(HS 03 ) 3 -N 

(nitrilosulfonic acid) 


with 


with ID 


with 


HN()(H2N202) 

(hyponitrous acid) 


(hydroxylamine) 


NH4+ 

(ammonium) 


The reactions with HSOa^ are reversed in high hydroxide con¬ 
centrations. With hydrolysis occurs with the formation of 
sulfuric acid and the products indicated by the arrows. These 
reactions may be looked upon as the successive replacement of the 
OH radical in orthonitrous acid N(OH)3 by HSO3 radicals and these 
in turn by H upon hydrolysis. The result is a series of two-elec¬ 
tron reductions. Similarly the reduction of nitric acid, HONO2, 
with sulfurous acid first forms nitrosyl sulfuric acid, HSO3NO2, 
which hydrolyses to nitrous and sulfuric acids. At high hydrogen 
ion, nitrous acid is reduced by sulfurous acid to nitrous oxide. 

The oxidation and reduction of hydrazine. The basic dis¬ 
sociations of hydrazine are given by Schwarzenbach^® as ifi = 
8.5 X 10”^ and K 2 = 8.9 X 10“^®. Combining the corresponding 
free energies with that of hydrazine from Table 17, we obtain the 
resulting free energies: N 2 H 6 ‘^, 18,950 cal., and N 2 H 6 '^, 20,450 


Schwarzenbach, G., Helv. Chem. Acta, 19, 178 (1936). 
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cal. From these values, the potentials of the following half-reac- 
tions may be calculated: 


2 NH 4 + 

20 H- + 2NH4OH 
2H2O + N2HB+ 

20H- + N 2 H 4 

N 2 H 6 + = N 2 + 5H+ + 4c~,/ 
40H- + N 2 H 4 


N2HB+ + 3 H+ + 2 e-, 
N2H4 -{“ 4H2O 2 c“, 
2NH3OH+ + H+ + 2 c- 
2NH2OH + 2 c-, 


N2 d" 4H2O “h 


/ 


El 

El 

E^ 

El 


- 1.24 

- 0.1 

-1.46 

-0.74 

0.17 

1.15 


It is obvious that hydrazine in acid s< 
oxidizing agent. 


ution should be a powerful 
The reaction rat^/is very slow, but it may be 

However, 


titrated quantitatively ^ith stro^ reducing agents, 
powerful oxidizing agents .are^j?equired to oxidize ammonia to 
hydrazine, chlorine being generally employed. In this oxidation 
the ammonia must be in exciss to prevent the further oxidation 
of the hydrazine which goes^ery readily to nitrogen as the half¬ 
reaction potential indicates. \ The potential for the oxidation of 
hydrazine to hydroxy^minSiJs very high, and there is no evidence 
that the reacti^^v^^r ootkO 

Bray and OtTy^'St.iidied .the oxidation of hydrazine and found 
that WHn^tlie.^oxidatibu'^V is quantitative with some 

reagen^^ (as,. ?br-^e:^anibie, with iodine) one-electron oxi¬ 
dizing agents tend, asuSimit, to fonn two molecules of NH4^ 
and one of N2. As a mechanism Bray and Cuy assumed that 
N2H3 is the first product and that it decomposes according to the 
equation, ^ \ 


2 H+ + 2N2H3 = N2 + 2NH4+. 


The oxidation takes place with ferric ion, so the N2H3 must be a 
weaker oxidizing agent than this substance, 

N 2 H 5 + = N 2 H 3 + 2H+ + C-, E° > -0.6 

As the potential values predict, hydrazine is capable of oxidizing 
and reducing itself to form nitrogen and ammonia, 

3N2H4 - N2 + 4NH3, = - 114,700 cal. 


Bray, W. C., and Cuy, E. J., J. Am. Chem. Soc., 46, 1786 and 1810 
(1924). 



92 


GROUP V ELEMENTS 


[Chap. VII 


The alkaline solution is fairly stable in the absence of platinum, 
which catalyzes the reaction. 

Hydrazine is not formed in the reduction of nitric acid or nitrates 
and appears to play no part in the ordinary mechanism of such 
reductions. It is said, however, to be formed in the reduction 
of the sulfite-nitric oxide complex, K 2 S 03 * 2 N 0 , by sodium amal¬ 
gam; and BrackeP^ has described the reduction of Ag2N202 with 
KHSO4 to form hydrazine. 

Nitrite to ammonia in alkaline solution. There is abundant 
evidence that the ordinary course of the reduction of nitrite in 
alkaline solution goes through the oxidation states, +1, —1, to 
~3, and the products under various conditions are hyponitrite, 
hydroxylamine, and ammonia. The potential values for the 
corresponding couples have been summarized in Table 19 (see 
p. 95). It will be observed that the greatest potential to be 
overcome in the reduction is for the +1 to —1 step, while in the 
oxidation of ammonia, the —3 to —1 step provides the highest 
barrier. The following experimental facts are of interest. 

The cathodic reduction of concentrated nitrite with a mercury 
cathode described by Zorn^® yields hyponitrite. The product 
may also be obtained by the reduction with sodium amalgam. 
It would appear that the union of two nitroxyls to form hyponi- 
trous acid occurs less readily than the union of two NO~ ions to 
form N 202 ~“, as hyponitrite is not readily formed in acid reduction. 
Hydroxylamine may be oxidized to hyponitrite by mercuric oxide 
(Hg-HgO, = —0.1). The presence of mercury thus seems 
very definitely to favor the formation of hyponitrite in alkaline 
solution, although it is not to be implied that hyponitrite cannot 
be formed in its absence. 

Although the cathodic reduction of nitrates in neutral or alkaline 
solution yields ammonia and no hydroxylamine, the reduction of 
nitrites on various cathodes gives a mixture of ammonia and 
hydroxylamine, according to the results of Suler.^^ The absence 
of hydroxylamine in the nitrate electrolysis must mean that 
nitrate is able to catalyze the reduction of hydroxylamine to 
ammonia in alkaline solutions. In view of the potentials, it is 
surprising that the reduction ever stops at hydroxylamine, but 

** Brackel, F., Ber., 83, 2115 (1900). 

» Zorn, W., Ber., 12, 1509 (1879). 

Suler, B., Z. Elektrochem., 7 , 831 (1901). 
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this slowness as an oxidizing agent in alkaline solutions is in line 
with its similar behavior in acid solutions. Baudisch and Mayer^® 
report that ferrous hydroxide reduces nitrite quantitatively to 
ammonia in slightly alkaline solutions when a threefold excess of 
the reducing agent is used. Without the excess some nitrous 
oxide is formed. 

Ammonium hydroxide is readily oxidized on various metal 
anodes to nitrite, and at high hydroxide concentration the oxida¬ 
tion does not go on to nitrate, as mentioned above. The presence 
of certain negative ions often leads to the formation of some 
nitrogen and nitrous oxide. Thus, Fichter^® reports that the 
addition of ammonium carbonate to an ammonium hydroxide 
electrolyte with a platinum anode changes the oxidation product 
from nitrate to largely nitrogen and nitrous oxide. 

The reduction of nitric and nitrous oxides. The inertness of 
nitric oxide in acid toward reduction by ferrous and titanous ions 
has been mentioned. It is, however, reduced by stannous to 
hydroxylamine and nitrogen and by stannite in alkali to hypo- 
nitrite, according to Divers and Haga.^^ 

Nichols and Derbigny^® have studied the reduction of nitrous 
oxide by various reagents in acid solution. They report the 
reduction by Ti+^ to ammonia, by Sn++ to hydroxylamine, and 
by H2SO3 (slowly) to nitrogen. It is interesting to note the 
reduction by titanous in view of the fact that it does not react 
with nitric oxide. 

Hydrazoic acid. From Table 17 (p. 83), the free energy of 
hydrazoic acid, HN 3 , is 65,300 cal. The acid is said to be slightly 
stronger than acetic acid. With 10 ^ as the constant, the free 
energy of the ion Na" is found to be 70,750 cal. For the free 
energy of formation from hydrazine and nitrous acid, one cal¬ 
culates, 

N 2 H 4 + HNO2 = HNa + 2 H 2 O, AF^ = -64,860 cal. 

The potential for the ammonium ion-hydrazoic acid couple is, 

3NH4+ = HNa + 11 H+ + Se~, = - 0 . 66 . 

Baudisch, O., and Mayer, P., Biochem. Zeit., 107, 1 (1920). 

Fichter, F., Z. Elektrochem., 18. 647 (1912). 

Divers, E., and Haga, T., Chem. News, 78, 313 (1898). 

Nichols, M. L., and Derbigny, I. A., J. Phys. Chem., 30, 491 (1926). 
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SUMMARY OF POTENTIAL VALUES FOR THE NITROGEN COUPLES IN ACID SOLUTION 
(jF° in volts for the half-reactions relating each pair of substances.) 
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SUMMARY OF POTENTIAL VALUES FOR THE NITROGEN COUPLES IN ALKALINE SOLUTION 
(,E°b in volts forMlf^^^^tions relating each pair of substances.) 
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0.42 t 0.73 i 0.18 -0.01 
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Curtis and Darapsky^® report the reduction of hydrazoic acid 
to ammonia by metals ranging from A1 to Cu in reducing power. 
However, hydrazoic acid is a very much more powerful oxidizing 
agent in its reduction to nitrogen and ammonium. 

NH 4 + + N 2 = HNa + 3H+ + 2e-, = -1.82 

The oxidation of chloride to chlorine by this couple is reported 
by Browne and Hoel.^® 

Cook^^ has studied the reduction by sodium amalgam and 
ferrous hydroxide. Under these conditions he found the products 
to be hydrazine and ammonia. 

70H-- + N 2 H 4 + NHs == Ns- + 7 H 2 O + 6e-, E% = 0.62 

Hydrazoic acid is also a powerful reducing agent. 

HN3 = iNa + H-+- + c", - 2.8 

N3-~ - iN2 + 6", ES = 3.1 

Sommer and Pincas^^ ^^ve studied the oxidation of hydrazoic 
acid with ceric ion and found it quantitative in the oxidation to 
nitrogen. The oxidation by iodine is also quantitative if a trace 
of thiosulfate is present, and Raschig has discussed possible 
mechanism of the thiosulfate action. 

From the potentials given, it is obvious that hydrazoic acid is 
unstable with respect to its decomposition into nitrogen and 
ammonia. The free energy of the reaction is very large. 

3 HN 3 = 4 N 2 + NH 3 , = -202 kcal. 

The catalysis by platinum has been studied by Oliveri-Mandala.^^ 

Nitrosyl chloride and nitrosyl bromide. Lewis and RandalF^ 
calculate 16,010 cal. for the free energy of formation of nitrosyl 
chloride gas from equilibrium data on the reaction between nitric 
oxide and chlorine. From thermal and spectroscopic data the 
value would appear to be 15,960 cal., but as the difference is not 
large, the Lewis and Randall value will be used. 

Curtis, T., and Darapsky, A., J. prakt. Chem., 61, 408 (1900). 

Browne, A. W., and Hoel, A. B,, J. Am. Chem. Soc. 44, 2117 (1922). 

Cook, W. T., Proc. Chem. Soc., 19 , 213 (1904). 

” Sommer, F., and Pincas, H., Ber., 49, 259 (1916). 

** Oliveri-Mandala, E., Gazz. chim. Ital., 46, 137 and 298 (1916). 

** Lewis, G. N., and Randall, M., Thermodynamics (McGraw-Hill, New 
York, 1923), p. 662. Compare Jahn, F. P., J. Chem. Phys. 6 , 338 (1938). 
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Blair, Brass, and Yost^ found from the nitric oxide-bromine 
reaction that the free energy of formation of nitrosyl bromide gas 
is 19,260 cal. 

With water, the chloride and bromide rapidly hydrolyze, 

NOCl(g) + H 2 O = HNO 2 + H+ + C1-, AF^ = -3685 

NOBr(g) + H 2 O = HNO 2 + H+ + Br-, - 40. 

The free energies indicate that the hydrolysis is quite large, 
especially with the chloride. For this reason, the behavior of 
solutions of these nitrosyl compounds as oxidizing and reducing 
agents will be essentially that of nitrous acid. 

Summary of nitrogen potentials. The values for the potentials 
relating the various nitrogen oxidation states in acid and alkali 
have been summarized in Tables 18 and 19. Most of the im¬ 
portant facts regarding these potentials have already been pre¬ 
sented. The values for the reductions and oxidations to molecular 
nitrogen, although of little chemical significance, are interesting 
from the energy standpoint. With respect to N 2 , nitric acid 
(-1-5 state) is the most stable of the positive states and ammonium 
( — 3 state) is the most stable of the negative states. On either 
side, the stability decreases rapidly and regularly from the high 
state to the low. In spite of the very favorable energy relations, 
only in the case of hydrazine is it possible to go quantitatively 
to nitrogen. For this case the explanation may be offered that 
the two nitrogens are already attached to each other and the 
reaction does not therefore have to proceed through atomic 
nitrogen with the resulting potential barrier. But such an ex¬ 
planation makes the case of hyponitrous acid particularly pust- 
zling, for here, too, the nitrogens are presumably attached to each 
other, and yet with a potential almost equal to fluorine the reduc¬ 
tion to N 2 does not occur. 


Phosphorus 

The standard state of phosphorus is the solid red (violet when 
pure) modification. All free energies will be referred to this state, 
although Bichowsky and Rossini have given their heats of forma¬ 
tion in terms of the *‘white'^ solid. The entropy of red phos- 

“ Blair, C. M., Brass, P. D., and Yost, D. M., J. Am. Chem. Soc., 66 , 
1916 (1934). 
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phorus is not known but it certainly lies between that of silicon 
and sulfur, as the compressibility shows this same relation. The 
value 7.0 cal. per degree will be used for this entropy. The heats 
and entropies of formation then lead to the following free energies 
for the various forms of the element: P(white, s), 1800 cal.; 
P 4 (g), 13,100 cal.; P 2 (g), 19,500 cal.; and P(g), 26,000 cal. 

Oxidation states. The important compounds of the various 
oxidation states of phosphorus are: —3, phosphine, PH 3 ; —2, 
hydrogen diphosphide, P2H4; +1, hypophosphorous acid, H3PO2; 
+3, phosphorous acid, H3PO3 ; +4, hypophosphoric acid, H4P2O6 ; 
and +5, orthophosphoric acid, H3PO4 . The oxides P2O3, P2O4, 
and P2O5 exist, and claims are made for a suboxide, P4O. The 
hydrogen phosphide, (P 2 H)x —probably the tetraphosphide, 
P4H2-“-is fairly stable, and the compound PH, —1 state, is 
known as an unstable gas molecule. Halides of the + 2 , +3, 
and +5 oxidation states have been prepared. 

The free energies of phosphorus compounds. Rapid reversible 
equilibrium is practically never attainable in oxidation-reduction 
reactions involving phosphorus or its compounds; hence, free 
energies are not available from equilibrium data. The entropies 
of phosphine and aqueous phosphoric acid and its ions are known. 
The value for orthophosphoric acid is 44.3 cal. per degree and the 
same value will be estimated for phosphorous and hypophosphorous 
acids. Ordinarily one less oxygen atom would be expected to 
decrease the entropy by several units, but this will probably be 
offset in these lower phosphorus acids by the shift of the hydrogens 
onto the phosphorus and a decrease in the entro})y of hydration. 
The heats of formation of Bichowsky and Rossini have been 
corrected to red phosphorus by the transition heat 4.22 kcal. per 
gram atom. 

The phosphorous-phosphoric acid couple. Pitzer^® has chosen 
as the best values for the free energies of the three ionization 
steps of orthophosphoric acid: (1) 2898 cal., (2) 9830 cal., (3) 
16,300 cal. The corresponding constants are: Ki = 7.5 X 10~®; 
K 2 = 6.2 X 10"®; and Kz = 10 "^^ free energies of the 

ionization steps, combining with the free energy of the acid (see 
Table 20), yield the following free energies: H 2 P 04 “", —267,100 
cal.; HPO4'"--, -257,270 cal.; PO4- , -240,970 cal. 


« Pitzer, K. S., J. Am. Chem. Soc., 69, 2365 (1937). 
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KolthofiP^ found for phosphorous acid, Ki = 0.016 and K 2 = 
7 X 10~^. For the free energies of the ions, one then calculates, 
H2PO3", —201,550 cal. and HPO3— , —193,150 cal. The evi¬ 
dence is fairly conclusive that the third hydrogen is attached to 
the phosphorus and is not replaceable. 

These values lead to the following potentials for the phosphorous- 
phosphoric acid couple. 

H2O + H3PO3 = H3PO4 + 2 H+ + 2e-, = 0.20 

30 H- + HPO3— = PO4--- + 2H2O +^e-, E% - 1.05 

The mechanism of the couples is discussed under hypophos- 
phoric acid. / 


Table 20 / 

THERMAL DATA USED FOR THE OSCULATION OF THE FREE 
ENERGIES OF TORMATION 


Compound 



AF“ 

H,PO.(aq) 

-302,0(K) \ 

-108 

-270,000 

H,POa(aq) 

-228,6(K) \ 

(-83) 

-204,000 

HaPOsCaq) 

-137,200 

(-59) 

-120,000 

PH8(aq) f 


-3,3 

2,880 

P^HKs) ! 

(-31) 1 

16,000 


The A/i^f ihe>^ctioiL<)^metaphosphoric acid with water to 
form the ^rthoW*id i^N^jyen ^ 3150 cal. The entropy change is 
probably ^so small; hence^vfiub potentials of the above couples, 
or at least tbe couple in acid solution, is probably not much 
different for the meWacid. Tl^e thermal data would indicate 
that the pyrophosphoric'^^tcitlj^s several tenths of a volt better 
oxidizing agent than the ortho-acid. 

Hypophosphoric acid. There are no data available for the 
calculation of the free energy of hypophosphoric acid, H 4 P 2 O 6 (or 
H2PO3). However the reaction 

H4P2O6 + H2O = H3PO3 + H3PO4, 

although slow in cold dilute solutions, goes if the solution is 
concentrated and somewhat acid. Considerable heat appears to 
be evolved. If we assume —30 kcal. as the free energy of the 


Kolthoff, I. M., Rec. trav. chim., Pays-Bas, 46, 350 (1927). 
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reaction, this would make the free energy of hypophosphoric 
acid, H 4 P 2 O 6 , —390 kcal. and would give the following potentials: 

2 H 2 O + H 4 P 2 O 6 - 2HaP04 + 2H+ + 2c-, = (0.8) 

2 H 3 PO 3 == H 4 P 2 O 6 + 2 H+ + 2 c-, E^ - (-0.4). 


These potentials are certainly approximately correct and throw 
considerable light on the problem of the phosphorous-phosphoric 
acid couple. Even a very powerful one-electron reducing agent, 
such as titanous ion, would be unable to reduce phosphate in 
acid solution to H 2 PO 3 . On the other hand, a fairly powerful 
one-electron oxidizing agent would be required to oxidize phos¬ 
phorous acid to H 2 PO 3 . The reaction should not stop there; but, 
because of the ease of the next step, the HaPOa should be oxidized 
to phosphoric acid. The assumptions appear to agree with the 
experimental facts. Linhart^® found that the reaction of phos¬ 
phorous acid with mercuric chloride formed mercurous chloride, 
and the reaction was monomolecular with respect to the mercuric 
chloride. This first step of the reaction was slow and appeared 
to be followed by a rapid step giving phosphoric acid. It seems 
strange, however, that there is not some mechanism by which 
phosphoric acid can go directly to the phosphorous acid by the 
shift of an oxygen as, for example, in the reduction of nitric acid 
by sulfite. The answer probably is that no such reducing agent 
exists with a potential as low as the 0.2 required for the two- 
electron step. 

Hypophosphorous acid. KolthoflP records 0.01 as the dissocia¬ 
tion constant of hypophosphorous acid. Only one of the hydrogens 
is replaceable, indicating that the other two are attached directly 
to the phosphorus. From this constant the free energy of H 2 P 02 ~ 
is —117,300 cal., and the potentials for the couples relating the 
acid to higher and lower oxidation states are, 

H 2 O + H 3 PO 2 = H 3 PO 3 + 2 H+ + 2 e-, E^ = 0.59 

30H- + H2P02~ = HPO3— + 2H2O + 2e-, E% = 1.65 


2H2O + P = H8PO2 + = 0.29 

20 H- + P = H2PO2- + e-, • E% = 1.82. 


« Linhart, G. A., Am. J. Sci. (4), 85, 353 (1913). 
« Kolthoff, I. M., Rec. trav. chim.,48,350 (1927). 



Chap. VII] 


GROUP V ELEMENTS 


101 


HyiX)phosphorous acid is thus a very weak oxidizing agent and a 
very powerful reducing agent in both acid and basic solutions. 
A number of important decomposition reactions are considered in 
a later paragraph. 

Phosphine and other hydrogen phosphides. The solubility of 
phosphine in water is about 0.01 M as given by Stock, Bottcher, 
and Lenger.*® This would make the free energy of solution 
2730 cal. The free energy of dissociation of phosphonium ion into 
phosphine and hydrogen ion must be close to zero, as the solution 
of the gas is not alkaline. One can then estimate the free energy 
of phosphonium ion; but, as it is unstable with respect to the 
phosphine gas, it will be simpler in writing all half-reactions in 
acid solution involving phosphine to use PH8(g). From the free 
energies derived above, one calculates, 

PHaCg) = P + 3H+ + 36- = 0.04 

30H- + PH3(g) - P + 3 H 2 O + 36 - E% = 0.87 

and similarly for the tetraphosphide, 

P 4 H 2 = 4P + 2H+ + 26-, = 0.35 


20H- + P 4 H 2 = 4P + 2 H 2 O + 26-, 


El = 1.18. 


The energy thus favors the formation of phosphine over the 
formation of the tetraphosphide in the reduction of phosphorus. 
The data are insufficient to calculate the free energy of the 
diphosphide, but the value must be fairly positive as indicated 
by the fact that the following reaction occurs quite readily at 
room temperature, 

5P2H4(1) = 6PH8(g) + P4H2 (s). 


Phosphorus halogen compounds. Yost and Anderson*^ found 
—63,300 cal. for the free energy of formation of phosphorus 
chloride PClsO) from chlorine and white phosphorus. With 
reference to red phosphorus, this becomes —61,500 cal. In cold 
water the chloride hydrolyzes to phosphorous acid, 

PC1«(1) + 3 H 2 O = HsPOa + 3H+ + 3C1-, = -67 kcal. 


•® Stock, A., Bdttcher, W., and Lenger, W., Ber., 42, 2855 (1909). 
« Yost, D. M., and Anderson, T. F., J. Chem. Phys., 2, 624 (1934). 
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The free energies of a number of other halogen compounds may 
be estimated; but, because of their hydrolysis to the corresponding 
acids, their chemistry in water solutions is essentially that of the 
acids. However the solid diiodide, PI 2 , is of interest since it is 
one of the few compounds of phosphorus having the +2 oxidation 
state. Its heat of formation is —5700 cal. and since all the sub¬ 
stances are solids the entropy of formation may be taken as 
zero, and the free energy equal to the heat. The hydrolysis 
reaction is, 

2 Pl 2 (s) + 5H2O = H3PO3 + H3PO2 + 4H+ + 4I“, 

= — 78 kcal. 

The potential for the P, I~-Pl 2 couple would be about —0.1, 
but it is doubtless of little significance. 

Summary of phosphorus potentials. The potential relations 
of the various phosphorus oxidation states are shown in the 
following schemes: 


Acid Solution 


-3 


4-1 


4-3 


PH3 PJI4 -- P H3PO2 HsPOa 


0.04 


0.49 


-3 


-2 


Basic Solution 
+1 +3 


PHa — PiH 4 — P H2PO2 — HPO3— 


0.87 


1.71 


+4 

+5 

H2P03 

H.PO. 

0.20 

1 

4-4 

+5 

0 

«• 

1 

1 

- PO4— 

1.02 

1 


The consideration of these potentials leads to a discussion of a 
number of important decomposition reactions. 

Phosphorus is unstable with respect to its hydrolysis into the 
+ 1 and —3 states. 

4P + 6 H 2 O = PH 3 -f 3 H 3 PO 2 , = -17.0 kcal. 

4P + 30H- + 3 H 2 O = 3 H 2 PO 2 - + PH 3 , AF^ = -66.2 kcal. 

The free energy for the reaction in alkaline solution is large and 
the reaction goes very readily. 
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Because of the enormous reducing power of phosphorus in 
alkaline solution (1.82 volts), it also liberates some hydrogen 
along with the products of the above reaction, 

2P + 20H- + 2 H 2 O = 2 H 2 PO 2 - + Hs, AF^ = -46.0 kcal. 

Hypophosphorous acid is unstable with respect to its decomposi¬ 
tion into phosphorous acid and phosphine. 

3H3PO2 = PH3 + 2 H 3 PO 3 , AF^ = - 53.2 kcal. 

This reaction occurs readily, and because of strong reducing 
potential the acid will also reduce water. 

H3PO2 + H2() = H3PO3 + H2, AF^ = - 27.3 kcal. 

The decomposition of phosphorous acid into phosphine and 
phosphoric acid has a small positive free energy. 

4 H 3 PO 3 = PH3 + 3 H 3 PO 4 , AF^ = 8.8 kcal. 

However, because of the volatility of the phosphine the equilib¬ 
rium may be displaced upon heating, and the decomposition 
occurs in hot solutions. 

It is obvious also that, through these various steps, phosphorus 
is unstable with respect to its hydrolysis into the +5 and —3 
oxidation states. 

The most remarkable characteristic of the phosphorus potentials 
is their highly positive value. Even weak oxidation agents will 
oxidize phosphine all the way up to phosphorous acid, and from 
the overall potentials these agents should take this acid up to 
phosphoric. Actually, oxidizing agents of about the strength of 
iodine are required for this last step, which seems to indicate 
that the mechanism is through the hypophosphoric acid as 
discussed above. 


Arsenic 

The standard state of arsenic is the solid metallic form, As a. 
There is also a yellow, cubic, low density form, As 7 , and an 
amorphous form. As There are not enough reliable data to 
calculate the free energies of these modifications and they are 
relatively unimportant. From the heats and entropies of forma¬ 
tion, the free energy of the monatomic gas, As(g), is 20.4 kcal. 
and of the tetra- molecule, As 4 (g), 20.5 kcal. 
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Oxidation, states. The important oxidation states of arsenic 
are: —3 in arsine, +3 in arsenious acid, and +5 in arsenic acid. 
The hydrogen arsenide, AsjHj, — 1 , may be prepared. Very 
few definite compounds of the even oxidation states exist: the 
oxide AS 2 O 4 appears to be a compound of the +3 and +5 oxides, 
but the monosulfide AsS (+ 2 ) is a well-known mineral. 

Arsine. Estimating the entropy of arsine as 52 in comparison 
to 60.35 for phosphine and using Ogier’s value** of 36.7 kcal. 
for the heat of formation, we find the free energy of arsine gas, 
AsHsCg), to be 37.7 kcal. In view of the slightly lower value for 
stibine, it is quite likely that this value for arsine is too high. 
But in the absence oi definite evidence regarding the discrepancy, 
it will be used. The potentials of the arsine-arsenic couples are: 

AsH, = As + 3H+ H- 3e-, = 0.54 

30H- + AsH, = As -h 3 H 2 O + 3e-, ES ^ 1.37. 

Arsine is thus a powerful reducing agent and should be readily 
oxidized by moderately strong oxidizing agents; the oxidation 
by hydrogen ion however is not rapid. 

A metallic arsenic cathode may be reduced to arsine, especially 
in alkaline solutions, according to the results of Grube and 
Kleber,** and arsenious acid is reduced to arsine efficiently at a 
mercury cathode (cf. work by Aumonier**). 

It is claimed that the reduction of arsenic trichloride by stan¬ 
nous chloride 3 delds the solid phosphide, AsjHj, which is unstable 
with respect to the decomposition into the elements. No data 
are available by which its free energy may be estimated. 

The arseoic-arsenious acid couple. Schuhmann** has measured 
the electromotive force of the cell for which the net reaction is, 

AsjO,(s) + 3H, = 2As + 3H,0. 

His result gives for the couple, 

3H,0 -f 2As = AsiOt + 6H+ + 6e-, BT = -0.2340. 


*• Ogier, J., Comp, rend., 87, 210 (1878). 

•• Grube, G., and Kleber, H., Z. Elektrochem., 30, 617 (1024). 

Aumonier, F. S., J. Soc. Chem. Ind., 46 , 341 (19^). 

“ Schuhmann, R., J. Am. Chem. Soc., 46 , 1444 (19^). 
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Arsenious oxide is slowly soluble to form the acid, HASO 2 , or some 
hydrate of this acid, and the molality of the saturated solution 
is 0.2067 at 25® C. Schuhmann has calculated the free energy of 
solution and, correcting a missprint in his value, one obtains, 

2 H 2 O + As = HAsOaCaq) + 3H+ + 3e- E® = -0.2475. 

The corresponding free energies are: As 208 (s), —137,670 cal.; 
HA802(aq), —96,345 cal.; and HsAsOaCaq), —153,035 cal. The 
more recent data on the dissociation of arsenious acid are fairly 
consistent. Hughes*® from glass electrode measurements re¬ 
ported, 

HAsOa = H+ + As02“, K = 6 X lO”'®. 

Britton and Jackson*^ are in agreement. Based on this value, 
the free energy of As02~ is —83,770 cal., and the potential of the 
couple in alkaline solution is, 

40H- + As = AsOa- + 2 H 2 O + 3e- E% = 0.68. 

From the values of these couples it is apparent that arsenic is a 
seminoble metal. 

RandalFs*® recalculation of the data by Washburn gives for the 
basic dissociation constant of arsenious acid. 


HAsOj = AsO+ + OH", X = 5.0 X 10-^^ 


It is obvious from this value that the concentration of AsO^ is 
not large except in high acid. The free energy of AsO'’" is —39,260 
cal. 

The arsenious acid-arsenic acid couple. Liebhafsky*^ has 
reviewed the data of Roebuck on the equiUbrium established in 
the oxidation of arsenious acid by triiodide. His value for the 
constant is, 


(HaAs04) a-y 
(L-)’ (HsAsOs) 


1.6 X 10-^ 


The corresponding free energy of the reaction is 1085 cal. and the 
free energy of the arsenic acid, H 8 As 04 (aq), —183,930 cal. Wash- 


” Hughes, W. S., J. Chem. Soc., 491 (1928). 

Britton, H. T. S., and Jackson, P., J. Chem. Soc., 1048 (1934). 
“ Randall, M., International Critical Tables, VII, 242. 

» Liebhafsky, H. A., J. Phys. Chem., 36, 1648 (1931). 
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burn'*® gives the approximate values for the three dissociation 
constants as Ki = 4.8 X 10~^, K9 = 10“^, and Kz = from 
which one calculates the free energies, H 2 As 04 “, —180,700cal.; 

HAsOr-, -171,100 cal.; and ASO 4 -, -153,400 cal. The 

potentials of the following couples may then be calculated: 

2 H 2 O + HAsOa = H 3 ASO 4 + 2 H+ + 2 c- = -0.559 

40H- + AsOz- = ASO 4 --- + 2 H 2 O + 2e-, E% = 0.71. 

The couple is capable of attaining a rapid reversible equilibrium 
and the mechanism of the oxidation of arsenite by iodine appears 
to be that of a direct oxygen shift through the medium of hypo- 
iodous acid, 

H 3 ASO 3 + HIO - H 3 ASO 4 + lU + I-. 

Arsenic sulfides. The chemistry of arsenious sulfide, AS 2 S 3 , 
and arsenic sulfide, AS 2 S 6 , and their acid ions, thioarsenite, AsS 2 ~ 
and thioarsenate, ASS 4 , is of importance in analytical w^ork. 
The only thermal data relating to the problem is the heat of 
formation of the arsenious sulfide, —20 kcal. The entropy of 
formation must be small, as all the substances are solids; hence 
this value may also be taken as an approximation for the free 
energy of formation. For the precipitation of the sulfide, one 
calculates, 

3 H 2 S + 2HAs02(aq) = 4 H 2 O + AS 2 S 3 , AF^ = -30,500 cal. 

The following reactions relate this free energy to that of the 
ion AsS 2 “. 

2 AS 2 S 3 + 40H- == 3AsS2- + As02^ + 2 H 2 O 
AS2S3 + S-- = 2AsS2- 
2AsS2“ + 2H+ = AS2S3 + H2S 

The difference in free energy of the last two reactions is the free 
tniergy of ionization of hydrogen sulfide, 31 kcal. Assuming that 
the two reactions go with about equal readiness, the free energy 
of AsS 2 ' would be —6 kcal. Hence, 

2S— + As = AsSa- + 3c-, El = ca 0.75 


Washburn, E. W., J, Am, Chem. Soc., 30, 31 (1908). 
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The +3 sulfide is oxidized to thioarsenate by polysulfide. From 
the potential of S2 one can state, 

2S— + AsS 2 — = AsS4-+ 26-, E% > 0.6 

Arsenic trichloride. Yost and Anderson^^ report —65,190 cal. 
as the free energy of liquid trichloride, AsCb. The free energy 
of its hydrolysis reaction is, 

AsOl8(l) “f* 2H2 O = HAs 02 ~1~ -f* 3C1~, 

- 11.8 kcal. 

The value for this energy is considerably lower tiiari that for the 
corresponding phosphorus reaction. Thomsen^ records —17.6 
kcal. for the heat of the reaction; and this, together with the free 
energy of the reaction and entropies of the other substances, 
gives 29.1 cal. per degree for the entropy of HAs02(aq) which 
appears to be a very reasonable figure. The trichloride dis¬ 
solves in concentrated hydrochloric acid, probably with the forma¬ 
tion of the complex ion AsCb". 

Summary of arsenic potentials. For convenience the principal 
arsenic potentials are summarized in the following scheme: 

Acid Solution 

. u- 0.54 * -0.2475 tja “0.559 tj a 

AsHs - As - HASO2 - H3ASO4 

Basic Solution 

AsH, HZ. As — AsOr — AsO,— 

There is not much to add to the discussion of these potentials 
given above, but it may be pointed out that arsenic, unlike phos¬ 
phorus, will not hydrolyze to give the -1-3 and —3 states, 

4As -f- 3H2O = AS2O3 -b 2AsH,, ^F° = 108 kcal. 

Antimony 

The standard state of antimony is the solid metallic trigonal 
form. The heat of transition of the unstable “explosive” modifi¬ 
cation is given as -2.32 kcal., but the entropy of this form is 

« Yost, D. M., and Anderson, T. F., J. Chem. Phys., 2 , 624 (1934). 

*• Thomsen, J., Tkermochemische Untersuchungen (Barth, Leipzig, 1886). 
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not known, so the free energy cannot be calculated. From ther¬ 
mal data one finds the free energy of the monatomic gas, Sb(g), 
to be 44 kcal. and the diatomic gas, Sb 2 (g), to be 40 kcal. 

Oxidation states. The principal oxidation states are —3 in 
SbHs, + 3 in Sb208, and +5 in Sb206. The +4 oxide Sb 204 is 
quite stable, and claims are made for existence of the correspond¬ 
ing hypoantimonic acid, H 2 Sb 206 . 

The stibine-antimony couple. The value given by Stock and 
Wrede^ for the heat of formation of stibine, 34.0 kcal., appears 
to be reliable, although the older value of Berthelot and Petit is 2| 
times larger. The behavior of stibine and arsine upon heating cer¬ 
tainly indicates that the latter is the more stable, and it may be 
that the Stock and Wrede value for stibine, which is less than the 
accepted value for arsine, is a little too low, but this inconsistency 
probably lies in the heat of formation of arsine. However, calcu¬ 
lations will be made using this heat of formation. Estimating 
the entropy of stibine as 53 cal. per degree, in comparison with 
60.35 for phosphine, the free energy of stibine is 35.3 kcal. Sand 
and his co-workers^ found 37.1 at 20° C. from cathodic reduc¬ 
tion potentials. For the stibine-antimony couple in acid solu¬ 
tion, one computes, 

SbHaCg) = Sb + 3H+ -f- Se^, E° = 0.61 

Assuming no acid character for stibine, the potential for the couple 
in basic solution would be E% = 1.34. However, since stibine 
appears to form the sodium salt NasSb in concentrated alkali, 
the calculated basic potential would be too large. E% < 1.34. 
Because of this distinctly acid property of stibine and of the 
insolubility of many of the antimonides, a number of positive 
ions which would otherwise oxidize stibine form the antimonide, 
for example, Ag+ forms AgsSb. 

The antimony-antimonous acid couple. Schuhmann^ has meas¬ 
ured the electromotive force of the cell having the net reaction, 

SbjOsCs) + 3H2 = 2Sb + 3 H 2 O 

and gives 

3 H 2 O + 2Sb = SbjOs + 6H+ + 6e~, E° = -0.152. 

« Stock, A., and Wrede, F., Ber., 40, 2923 (1907). 

Sand, H. J. S., Weeks, E. J., and Worrell, S. W., J..Chem. 80 c., 128, 
456 (1923). 

"Schuhmann, R., J. Am. Chem. Soc., 46, 62 (1924). 
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He has also measured this solubility and found for concentrations 
in the neighborhood oi,l M that the positive ion in solution is 
SbO^. For the antimony-antimonyl couple he records, 

Sb + H 2 O = SbO+ + 2H+ + 3e- = -0.212. 

The corresponding free energies are, Sb208, —149,030 cal. and 
SbO^, —42,000 cal. For the basic dissociation of the oxide, 
one calculates, 

iSbjOs + iHaO = SbO+ + OH- K = lO-^^ 

The solubility of the sesquioxide is given as 0.016 g per liter 
at 15® C. by Schulze.^ This would lead to a free energy of ca 
—97,500 cal. for HSb02(aq). The acid dissociation has not 
been determined, but from the concentration of hydroxide re¬ 
quired to prevent the hydrolysis of Sb 02 ~, a value of if = 10-^^ 
would appear to be a close approximation. Hence, 

HSb02(aq) = + Sb02", AF® = 15,000 

and the free energy of Sb02“ would be —82,500 cal. 

40H- + Sb = SbOa^ + 2 H 2 O + 3^-, E% = 0.66 

Grube and Schweigardt^^ report 0.675 for this potential from 
cell measurements in 10 M KOH. The metal may be precipi¬ 
tated by cathodic reduction in either acid or alkaline solution. 

The antimonous-antimonic acid couple. From the Bichowsky 
and Rossini value for the heat of formation of the pentoxide, 
Sb206, —230,000 cal. and the entropy of formation, —115.6 cal. 
per degree, the free energy of the oxide appears to be —195,500 
cal. Hence, 

2 H 2 O + SbaOa = SbzOfi + 4H+ + 4e-, E® = -0.73 

3 H 2 O + 2SbO+ = SbaOft + 6H+ -h 4e-, F® = -0.64. 

Pauling*® has summarized the evidence in favor of the formula 
HSb(OH)6 for orthoantimonic acid. The free energy of this acid 
or the solubility of the oxide in water is not known. Likewise, 
the acid dissociation constants have not been determined, although 
the solutions of the oxide are known to be fairly acid. Grube 

^Schulze, H., J. prakt. Chem., 27, 320 (1883). 

Grube, G., and Schweigardt, F., Z. Elektrochem., 29,257 (1923). 

Pauling, L., J. Am. Chem. Soc., 55, 1895 (1933). 
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and Schweigardt^^ report from cell measurements in 10 M KOH, 

Sb02- + 20H- (lOM) = SbOg- + H 2 O + 2e~, = 0.589. 

There is, however, no evidence that the +5 antimony is present 
as the meta-ion SbOa", and the half-reaction might well be, 

Sb02-~ + 50H- = HaSbOe"^ + H 2 O + 2c-. 

In the latter case the correction for the hydroxide activity would 
be considerably larger and the value would probably be around 
0.40. 

The couple is capable of attaining rapid equilibrium in both 
acid and basic solutions. Antimonic acid will oxidize iodide but 
the reaction is reversed in alkaline solution. In the analytical 
methods using this reaction, tartrate is added to aid in keeping 
the +3 antimony in solution. 

Antimony tetroxide. The data of Mixter^ on the heat of 
foimation of the oxide Sb 204 is incompatible with its chemical 
properties. Using the value of Simon and Thaler,—193,300 
cal., and the entropy of fonnation —91.7 cal. per degree, tlie free 
energy is found to be —165,900 cal. 

II 2 O -f" 802^)4 = Sb 205 -f- 211'*' 2 c' , E^ — —0.59 

2 H 2 O + 2SbO^ - Sbo ()4 + 4H+ + 2c-, E^ = -0.68 

The oxide in acid is thus unstable with respect to the 4-3 and 
+5 oxidation states; the decomposition is slow in acid but more 
rapid in alkaline. Strong hydroxides dissolve the oxide but there 
are no data for the free energies. 

Antimony trichloride. From the heat of formation, —91,400 
cal., and the entropy of fonnation, —45.7 cal. per degree, one 
finds the free energy of antimony trichloride, SbCl 3 (s), to be 
— 77,800 cal. For the hydrolysis to antimonyl ion, one calcu¬ 
lates from this free energy, 

SbCl 2 (s) + H 2 O = SbO+ + 2H+ + 3C1~, = -1500 cal. 

However, the reaction is complicated by the formation, at low 
hydrogen ion, of the solid basic chloride, Sb 406 Cl 2 , and at high 

Grube, G., and Schweigardt, F., Z. Elektrochem., 29 , 257 (1923). 
Mixter, W. G., Am. J. Sci., 28, 103 (1909). 

Simon, A., and Thaler, E., Z. anorg. allgem. Chem., 162 , 253 (1927). 
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hydrochloric acid concentration of the complex chlorides SbCU" 
and SbCle . The free energies of the reactions to form these 
complex chlorides cannot be calculated from the present data. 

The pentachloride, SbCU, is more highly hydrolyzed than 
the trichloride and forms the solid oxide, Sb^iOs, with some of the 
acid, HSb(OH)6, in solution. 

The antimony sulfides. The heat of formation of the orange 
precipitated antimonous sulfide, Sb 2 S 3 , may be taken equal to 
the free energy of formation, as a close approximation, since all 
the substances are solids, hence AF® = —35,700 cal. 

2SbO+ + 3H2S(g) = Sb2S3 + 2 H 2 O + 2H+, 

= -41 kcal. 

This free energy seems too large in view of the reversal of the 
equilibrium in concentrated HCl. However, the formation of 
the complex chlorides may be sufficient to account for it. The 
sulfide is soluble in sulfide ion, 

Sb2S3 + S— = 2SbS2-, 

and the reaction is reversed in dilute acid solutions. From the 
equilibrium, the value —13,000 cal. may be taken as a rough 
estimate of the free energy of the thioantiinonite ion SbS 2 “. The 
electrolytic reduction of the thioantiinonite is employed in the 
quantitative estimation of antimony (cf. Treadwell and Hall^^). 

Sb + 2S-“ = SbS 2 ~” + 3c--, = ca 0.85 

This E° value is in agreement wdth the fact that the metal is 
oxidized to the thioantimonite by polysulfide, S 2 , which has a 
potential of about 0.5. 

There are no free energy data on the antimonic sulfide, Sb 2 S 6 . 
It is soluble in sulfide ion to form the thioantimonate, and, in acid, 
hydrogen sulfide reduces it to the antimonous sulfide. In alkaline 
solution thioantimonite is oxidized to the thioantimonate by 
S 2 , and hence, 

2S-- + SbS2- = SbSr"" + 2c--, E^ > 0.6 

Summary of antimony potentials. For convenience the potential 
relating the principal antimony oxidation states are summarized 
in the following scheme: 

*^2 Treadwell, F. P., and Hall, W. T., Ana/yn’eo/ Chemistry (Wiley, New 
York, 1935), II, 222. 
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Acid SoLimoN 

SbH, sb SbO+ SbsO*(8) 

Basic Solution 

<1.3 0.66 pfl. 0 40 

SbH, - Sb — SbO^ H,SbO,— 

Bismuth 

The standard state of bismuth is the solid metal. Accepting 
the Bichowsky and Rossini values for the heats of formation 
and combining with the entropies of formation, one finds the free 
energy of the monatomic gas, Bi(g), to be 38.5 kcal. 

Oxidation states. The very imstable hydrogen compound 
BiHs, —3 state, and also the hydride Bi 2 H 2 (—1) have been 
prepared. Many bismuthides of the type NasBi are known. 
The oxide and halides of the +2 oxidation state may be prepared. 
The most stable state is the +3 as represented by Bi208 and its 
compounds. The oxide Bi206(+5) is a very powerful oxidizing 
agent as is also the tetroxide, Bi 204 (+ 4 ), which is probably to 
be considered as bismuthyl bismuthate, BiO • BiOs. 

Bismuth hydrogen compounds. Paneth“ prepared bismuthine. 
He reports that at room temperature 80 per cent of the gas 
decomposed in 50 minutes and the decomposition was very rapid 
at 350® C. There are no other data to estimate its free energy; 
however, a stronger reducing agent than zinc must be used, for 
example, Mg, for the reduction of the metal. 

BiHsCg) = Bi + 3H+ + 3^“, > 0.8 

The bismuthine is acidic in properties and forms AgaBi with 
silver nitrate. Weeks and Druce^ have discussed the prepara¬ 
tion of the solid hydride, Bi 2 H 2 . They found that, when heated 
in a vacuum, it decomposed according to the equation, 

3Bi2H2 = 4Bi + 2BiH8. 

The bismuth-bismuthyl couple. Swift“ and Smith” studied 
the ionic species in a solution of Bi 208 in perchloric acid and 

« Paneth, F., Ber., 61, 1704 and 1728 (1918). 

Weeks, E. J., and Druce, J. G. F., J. Chem. Soc., 127, 1799 (1925). 

“ Swift, E. H., J. Am. Chem. Soc., 46, 371 (1923). 

w Smith, D. F., J. Am. Chem. Soc., 46, 360 (1923). 
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concluded that at moderate hydrogen-ion concentration the ion 
is BiO“*" or Bi(OH) 2 “*" and at higher concentrations BiOH^. By 
the direct cell measurements the potential of the bismuth-bis- 
muthyl couple is found to be around —0.31 to —0.32. The 
higher value will be used. 

H 2 O + Bi = BiO+ + 2H+ + 3e-, = -0.32 

This corresponds to a free energy of —34,550 cal. for BiO"*^. 
From the heat of formation, —137,000 cal., and the entropy of 
formation, —68.5 cal. per degree, one finds the free energy of 
formation of the oxide, BbOa, to be —116,600 cal. The oxide is 
not appreciably soluble in cold 1 molal hydroxide. Hence 

60H- + 2Bi = BisOa + SHsO + 6c“, El = 0.44 

Baur and Lattmann®’^ reported from direct cell measurements 
El = 0.41. However, the formation of the monoxide (vide 
infra) as an intermediate step may have entered into their deter¬ 
mination. 

Bismuthyl hydroxide, BiOOH, may be precipitated, and its 
solubility is recorded as 5.8 X 10“® M, If one were justified 
in assuming complete ionization into hydroxide and bismuthyl 
ions, the solubility product would be 3.3 X 10~^^. From the 
free energies, one calculates, 

PLOa + ^2H20 = BiO^ + OH-, X = 2.3 X 10"". 

As the free energy of hydration of the oxide appears to be a small 
negative quantity, this calculation seems to substantiate the 
solubility products computed for the bismuthyl hydroxide, and 
we shall write, 

BiOOH(s) = BiO-^ + OH-, X - ca 1 X IQ-^^ 

Bismuth trichloride and oxychloride. The oxychloride is of 
such importance in the chemistry of +3 bismuth that its free 
energy relation will be considered at this point. 


Baur, E., and Lattmann, W., Z. Elektrochem., 40, 582 (1934). 
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Noyes and Chow*'^^ found for the reaction, 

IH 2 + BiOCl(s) = Bi + H 2 O + H+ + Cl-, 

= 0.16 
or 

H 2 O + Cl- + Bi - BiOCl + 2H^ + 3e- - -0.16 

This cc)rres})()iuls to a free enerf 2 ;y of —77,000 cal. for BiOCl. 
From the free (nu^rgies \v(‘ may calculate, 

BiOCd - BiO^ + C1-, AF^ = 11,100 cal., 

K = 7 X 10“». 

Considering Dm sensitivity of the oxychloride test Tor bismuth, 
this constant appears to b(‘ a little large. Feitknecht^® calcu¬ 
lated, 

BiOCl + U 2 O = Bi^^-+^ + Cl- + 20H-, K = IS X 10~^K 

However, there would seem to be some question about the validity 
of the detemiiiiation of the concentration of Bi+^ upon which 
the constant is based. 

Noyes, Hall, and Beattie^ studied the solubility of the oxy¬ 
chloride in hydrochloric acid. For moderate concentrations of 
the acid, the ion BiC'lf is probably formed and the ion BiCU 
is formed at highc'r concentrations. They give, 

BiOCl + 2H+ + 3CI = H 2 O + BiCl4~, K = 0.8. 

From this value and the free energies of the other substances 
involvexl, the free energy of the complex chloride ion, BiCU”, 
is —114,200 cal. The potential for the bismuth-complex 
chloride couple becomes, 

4C1- + Bi = BiClr + 3c-, = -0.16. 

From the heat of formation, —90,600 cal., and the entropy of 
formation, —47.8 cal. per degree, the free energy of the solid 
trichloride, BiClaCs) is —76,400 cal. One then finds for the 
solubility of the chloride in chloride ion, 

BiCIsCs) + Cl- - BiCbS = -6450 cal. 

Noyes, A. A., and Chow, M., J. Am. Chem. Soc., 40, 739 (1918). 

*>8 Feitknecht, W., Helv. Chem. Acta, 16 , 1307 (1933). 

Noyes, A. A., Hall, F. W., and Beattie, J. A., J. Am. Chem. Soc., 39, 
2526 (1917). 
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Based on the free energy of the oxide obtained above, the free 
energy of solution in hydrochloric acid is, 

Bi203(s) + H+- + 8C1- - 2BiCl4~ + SILO, 

= -31,100 cal. 

For the solubility product of bisiiiulh sulfide, Kolthoff®^ re¬ 
ported, 


BLSa - 2Bi+^ + 38 , K = 1.6 X 10 

Bismuth monoxide. Bi(;howsky and Rossini give for the heat of 
formation of the monoxide, BiO, —49,500 cal. Using the value 
17 cal. per degree for the entropy of the oxide, in analogy to lead 
monoxide, the entropy of formation is —21 and the free energy 
— 43,200 cal. The potentials for the reduction and oxidation 
of the oxide are, 

H 2 O + Bi = BiO + 2H^ + 26>- = -0.29 

BiO = Bi()‘ + C-, = -0.38 

For the decomj)osition of the oxide, 

3BiO + 2H+^ = 2BiO^ + Bi + H 2 O, ^F^ = 3800 cal. 

These values may not be very ac(!urate, but they do show that 
the oxide is stable in low acid and should decompose in high acid. 
These appear to be the experimental facts. Moreover the con¬ 
ditions for the formation of the oxide should be the re^duction 
of +3 bismuth by a reducing agent, which is about the same 
strength as metallic bismuth, in a solution of low hydrogen ion. 
These conditions are met in the formation by reduction with 
Sn^. 

Bismuth tetroxide and pentoxide. Although it appears that 
the pentoxide, Bi 205 , and also its sodium salt can be prepared, 
they are very unstable and the commercial products are largely 
the tetroxide, Bi 204 , which is probably bismuthyl bismuthate 
(BiO)Bi 03 . Baur and Lattmann®^ have studied the potential 
of the Bi 203 —Bi 204 couple in alkaline solution. They found 


o Kolthoff, I. M., J. Phys. Chem., 36. 2720 (1931). 

Baur, E., and Lattinann, W., Z. Elcktrochem., 40, 582 (1934). 
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that Bi 407 was an intermediate stage, and they reported for the 
potentials in 1 M NaOH, 

20H- + 2Bi208 = BLOt + H 2 O + 2e-, == -0.51 

2011- + BLOt - 2Bi204 + H 2 O + 2e-, = -0.62. 

Correcting for the activity of the sodium hydroxide, we shall 
write, 

20H” + Bi203 = Bi204 “h H 2 O + 2e~, E% = —0.56. 

One then calculates for the free energy of the tetroxide, —109,000 
cal., and for the couple in acid solution, 

2 H 2 O + 2BiO+ = Bi204 + 4H+ + 2c-, E^ = -1.59. 

Since the ratio is 2 for low acid and probably 4 for high 

acid, the potential in concentrated acid becomes much larger 
and the tetroxide will oxidize manganous to permanganate under 
these conditions. 

The potential for the B^Os—pure Bi 205 is probably about 
the same. 

Table 21 

GROUP V POTENTIALS IN ACID SOLUTION 


~3 

NH4-^ 

PHa 

AsHa 

SbH, 

BiHa 


-0.27 
0.03 
0.54 
0.51 
ra 0.8 


0 


Na 


-1.44 


P - 
As “ 
Sb - 


0.49 

-0.247 

- 0.212 


Bi 


-0.32 


4-3 

HNO2 

HaPOa 

HAsOa 

SbO+ 

BiO"' 


-0.94 
0.20 
-0.56 
-0.64 
ca —1.6 


+6 

NO,- 

H.PO4 

H1ASO4 

SbaO,- 

BiaOi 


Trends in the Group V potentials. In order to compare the 
various elements of Group V, the potentials for the more impor¬ 
tant oxidation-reduction couples in acid solution have been 
summarized in Table 21. 

The XHa compounds increase in reducing power with increas¬ 
ing atomic weight. As mentioned above, the discrepancy in the 
arsenic and antimony values is doubtless an error in some of the 
thermal data. The oxygen compounds of the group are good or 
even powerful oxidizing agents with the exception of the com¬ 
pounds of phosphorus. 




CHAPTER VIII 


Carbon, Silicon, Germanium, Tin, and Lead 

The elements of this group have four valence electrons and in 
the monatomic gas state these are In their spectroscopic 

terms the elements are very much alike, but in the properties of 
their compounds there is but little similarity. The principal 
characteristic of the chemistry of carbon is its four tetrahedral 
electron pair bonds and the remarkable stability of these bonds 
with hydrogen, oxygen, nitrogen, sulfur, the halogens, and espe¬ 
cially with other carbon atoms. The chemistry of silicon is very 
largely that of the dioxide and its many polyacids. With the 
heavier members of the family, the monoxide and dioxide become 
more basic, and the chemistry of the +2 and +4 ions assumes 
importance. 


Carbon 

The standard state of the element is /5-graphite. Bichowsky 
and Rossini calculate from the data of Roth and Naeser^ that the 
heats of transition of diamond to a- and /3-graphite are —490 
and —220 cal., respectively. Because of the difficulty of deter¬ 
mining the type of graphite, these authors have taken diamond 
as their standard state. For the sake of conformity we shall 
use the /3-graphite and add the constant figure 220 cal. per gram 
atom of carbon to their heats of formation. 

Kelley^ has reviewed the literature on the vapor pressure of 
carbon and records as the most probable values, 

C03-graph.) = C(g), 

MP = 199,050 cal. and ^F^ = 187,430 cal. 

2C(/9-graph.) = C 2 (g), 

MP = 238,250 cal. and ^F^ == 222,830 cal. 

^ Roth, W. A., and Naeser, W., Z. Elektrochem., 31, 461 (1925). 

> Kelley, K. K., U. S. Bur. Mines Bull., 383 (1935). 
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Oxidation states. To carbon in methane and its oxidation 
products, the following oxidation numbers may be assigned: 
(;H 4 , -4; CH3OH, -2; HCUO, 0 ; HCOOH, +2; and CO2, +4. 
This procedure confonns to our system of assigning oxidation 
numbers to other elements, and the only singular fact in this 
series is the failure of carbon in the zero state to separate as 
graphite instead of existing as the pseudohydrate, formaldehyde. 
If these were the only hydrogen and oxygen compounds of carbon, 
this anomaly would present no serious problem. Instead, how¬ 
ever, we have thousands of compounds in which it is futile to 
attempt a classification o‘f the carbon atoms in terms of the oxida¬ 
tion state. Of course, one may always write a half-reaction relat¬ 
ing a given compound to the element, as, for example, for benzoic 
acid, 

CeHsCOOH - 7C + 2H+ + 2 H 2 O + 2e~. 

But as such a half-reaction has no chemical significance, this 
classification of carbon in benzoic acid as having an average oxida¬ 
tion number of is not useful. However there are many 
types of oxidation-reduction reactions in organic chemistry and 
fortunately it is not necessary to assign oxidation numbers in 
wu’iting the corresponding half-reactions. A number of the more 
important cases will be considered. 

The free energy of carbon compounds. The paucity of equi¬ 
librium data pertaining to carbon compounds has made the 
third law the most important and reliable source of free energies 
in this field. Parks and Huffman^ in their excellent monograph 
have summarized the data on several hundred compounds. 
The values in Table 22 are taken from their work with the fol¬ 
lowing exceptions: 

The values of Kelley and Anderson^ have been used for CO(g), 
C02(g) and H 2 C 03 (aq). Bicarbonate and carbonate ions have 
been calculated from Ki = 4.31 X and K 2 = 4.70 X 10““, 
which were chosen as the most probable values from the papers 
of Macinnes and his co-workers.^ The data of Butler*^ have been 
used to calculate the free energy of solution of methyl alcohol. 
The free energy of solution of acetaldehyde is an estimate, 

* Parks, G. S., and Huffman, H. M., Free Energies of Some Organic Com¬ 
pounds (Cht^mical Catalog Co., New York, 1932). 

^ Kelley, K. K., and Anderson, C. T., U. S. Bur. Mines Bull., 384 (1935). 

^ Macinnes, D. A., and Belcher, D., J. Am. Chem. Soc., 66, 2630 (1933); 
Shedlovsky, T., and Macinnes, D. A., J. Am. Chem. Soc., 67, 1705 (1935). 

® Butler, J. A. V., Trans. Faraday Soc., 33, 229 (1937). 
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The free energy of fonnation of oxalate ion is obtained from 
the heat of formation, —195,160 caL, and the entropy of forma¬ 
tion, — 122.4 cal. per degree. The constants of the acid Ki — 
5.9 X 10“^ and K 2 — 6.4 X 10^® are taken from the work of 
Gane and Ingold.’^ For the free energy of ionization of formic 
acid the value for the constant iC = 1.77 X 10"'* is that given 
by Harned and hmibree.*^ 


Table 22 

FREE ENERGIES OF IMPORTANT HYDROCARBONS AND THEIR 
OXIDATION PRODUCT 
(Values in calorie.s at 25 /C. 


Subhtance 


CO(g) 

C02(g) 

ILCOaCaq) 

HCOs" 

CO3-- 

CHdg) 

CzHcCg) 

C2H4(g) 

C2H2(g) 

CflILCTIad) 

CILOIKl) 

CILOIKaq) 

HCHO(aq) 

HCOOH(l) 

HCOOH(aq)( 


A/'’“ 


-33,010 

-94,460 

-149,170 

-140,490 

-126,390 

- 12,200 

-io,7oa 

/'^,3o5^ 

I 50 ,>60. 
26,80() 

-31 ,020'"" 
•<:;8S,150 




HCPO- 
LOH(l) 
C^HsOIKaq) 
CHzCnOO) 
CHjCHOCaq) 
CH3C00H(1) 

L. CHaCOOHCaq) 
I^^LTiaCOO- 
! xXlLC^O^Caq) 

^ HC2O4- 
C2O4- 

C6Hf.COOH(s) 
CelLCOOIUaq) 
CfllLCOO" 
CJlisOeCaq) 




-83,000 
-40,200 
-41 ,850 
-31,880 
(-33,560) 
-94,500 
-96,210 
-89,720 
-166,060 
-164 ,380 
-158,660 
-60,100 
-57,950 
-52,250 
-217,020 


The oxidation of hydroc^bons. \Thc potentials for the various 
steps in the oxidation of a^Jbydrockrbon are of considerable in¬ 
terest, even though reversibfdNQm^bria cannot be attained at 
room temperature. The following half-reactions are calculated 
from the data in Table 22 for the oxidation of methane. 


H 2 O + CH 4 (g) = CHsOHCaq) + 2H+ + 2e- 


CHaOHCaq) = HCHO(aq) -|- 2H^ + 2e" 


= -0.58 


= -0.24 


H 2 O + HCHO(aq) = HCOOH(aq) + 2H^- + 2c- 

E^ - 0.01 


liCOOH(aq)= COsCg) + + 2c-, 


E^ 


0.14 


^ Gane, R., and Ingald, C. K., J. Chem. Soc., 2153 (1931). 

« Harned, H. S., and Embree, N. D., J. Am. Chem. Soc., 66, 1042 (1934). 
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It is rather surprising that methyl alcohol has such a high oxidiz¬ 
ing potential. The reduction of carbon dioxide to formaldehyde, 
= 0.08, is of interest in connection with its absorption by 
plants. The schematic representation of these potentials in 
acid and akaline solutions is given below. 

Acid 

CH.(g) CH,OH(aq) HCHO(aq) HCOaH(aq) — COa(g) 

Alkaline 

0 9'^ e 114 n 

CHaCg) --- CH,OH(aq) - HCHO(aq) HCOa-(aq) — COr" 

For the oxidation of ethane, approximately the same values are 
obtained for corresponding steps, but here there is the added 
possibility of the oxidation of both carbon atoms. 

H 2 O + CjHefg) = CjHsOHCaq) + 2H+ + 2e-, 

E° = -0.55 

CjHsOHCaq) = CH,CHO(aq) + 2H+ + 2e-, 

E° = -0.18 

H 2 O + CHjCHOCaq) = CHaCOOHCaq) + 2H'^ + 2e-, 

E° = 0.13 

2 H 2 O + CHaCOOHfaq) = HjCjO.Caq) + 6H+ + 6e-, 

E° = -0.31 

H 2 C 204 (aq) = 2C02(g) + 2H^ + 2e-, 

F® = 0.49 

From the last potential it should be relatively easy to oxidize 
oxalic acid to carbon dioxide, yet with as powerful an oxidizing 
agent as a permanganate the reaction is not rapid at room tem¬ 
perature. 

Wurmser and DeBoe® measured the lactic acid-pyruvic acid 
couple, 

CHsCHOHCOOH = CH 3 COCOOH + 2H+ + 2e-, 

= -0.20 

• Wurmser, R., and DeBoe, Z., Compt. rend., 194, 2139 (1932). 
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A number of important free energy relations should also be 
noted. Formaldehyde is unstable with respect to the formation 
of glucose. 

6 HCHO(aq) = CeHiaOeCaq), AF^ = -30,900 cal. 

This reaction appears to be a step in the synthesis of cellulose in 
plants. 

Formaldehyde is also unstable with respect to its decomposi¬ 
tion into carbon and water, 

HCHO(aq) = C + H 2 O, - -25,670 cal. 

but there is no evidence that this reaction occurs. 

From the potentials it is obvious that formaldehyde should 
oxidize and reduce itself, and experimentally the reaction goes 
slowly with the formation of methyl formate. 

The equilibrium between carbon monoxide and formic acid 
has been studied by Branch.^® From our free energy values we 
write, 

HCOOH(aq) = CO(g) + H 2 O, AF° = -1590 cal. 

For the oxidation of toluene to benzoic acid, one calculates 
from the free energies, 

2 H 2 O + CeHsCHsCl) = CeHsCOOHCaq) + 6H^ + Gc”, 

= - 0 . 21 . 

This value is comparable with = —0.26 for the CH4-HCOOH 
half-reaction. 

Electrol3dic reduction of acids, aldehydes, and alcohols. A 

number of investigations have been made on the electrolytic 
reduction of carbonic acid or bicarbonate. Fischer and Prziza^^ 
report a 98 per cent reduction of carbon dioxide at 5 atm. pressure 
in potassium sulfate solution with an amalgamated zinc cathode, 
the reduction product being formic acid. These authors were 
unable to reduce carbon monoxide under similar conditions. 

With high overvoltage cathodes, formic acid may be reduced 
to formaldehyde and methyl alcohol, and oxalic acid reduced to 
glyoxalic acid and glycollic acid. In certain cases, esters may 

10 Branch, G. E. K., J. Am. Chem. Soc., 37, 2316 (1915). 

Fischer, F., and Prziza, O., Ber., 47, 256 (1914). 
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be reduced electrolytically with the replacement of the -CO- 
group by “CH 2 - to form an ether.^^ In general, the reduction of 
monobasic aliphatic acids is difficult. 

Muller^^ has reviewed the experimental facts and discussed 
the theory of the reduction of ketones, in particular for acetone, 
(CH3)2C0. The reduction products are: pinacol, (CH 3 ) 2 COH- 
C 0 H(CH 3 ) 2 ; isopropyl alcohol, (CH 3 ) 2 CHOH; and propane, 
CH3CH2CH3. The latter is produced with relatively high effi¬ 
ciency at amalgamated zinc and cadmium cathodes. This pro¬ 
duction of the propane is noteworthy in view of the fact that 
it is very difficult to reduce aldehydes or alcohols to the hydro¬ 
carbon. Muller has postulated a number of intermediates but 
little is actually known regarding the mechanism. 

The cathodic reduction of an aldehyde forms the alcohol, and 
further reduction does not occur in si)ite of the favorable potential. 

The anodic oxidation of certain aldehydes and alcohols in 
alkaline halide solutions results in the formation of the haloforms, 
for example, 

CjHbOH + 2C\~ + 70H- = CHCI3 + CO2 + 6H2O + lOe- 

A number of cases are given by SwannHowever, the reaction 
mechanism is probably through the formation of the hypohalite. 

The electrolytic oxidation of alcohols, aldehydes, and acids. 
In agreement with tha potential values, it is easier to oxidize an 
aldehyde to the acid than it is to oxidize the alcohol to the alde¬ 
hyde; consequently it is difficult in the anodic oxidation of a 
primary alcohol in acid solution to build up an appreciable con¬ 
centration of the aldehyde, as the oxidation goes on to form the 
acid, except in special eases. In alkaline solution the anodic 
oxidation of primary alcohols results in the formation of hydrogen 
and hydrocarbons as well as the aldehyde. From these results, 
it appears that the intermediate formed is unstable with respect 
to its own oxidation and reduction. This instability also exists in 
the alcohols, for example, methyl alcohol should decompose 
into methane and formaldehyde but the reaction, of course, does 


^*Tafel, J., and Friedrichs, G., Ber., 37, 3187 (1904). 
^’Muller, E., Z. Elektrochem., 33, 253 (1927). 

Swann, S., Jr., Trans. Elektroohem. Soc., 69, 296 (1936). 
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not occur with appreciable speed. Miller and Hochstetter^^ 
have discussed the mechanism of the aldehyde oxidation. 

A somewhat similar result is obtainyed in the oxidation of alde¬ 
hydes in alkaline solution. Thus, ^rmaldehyde gives hydrogen 
and carbonate ion; and acetaldehyde yields formic acid, hydro¬ 
carbons, and some complex pro<?^ts. In acid solution, however, 
the aldehyde group is oxidized to ^rboxyl. 

The anodic oxidation of acetic acm involves a number of points 
of unusual interest. T^foH^)win^ experimental facts are sig¬ 
nificant:^® 

Two distinct rea^ 5^.^ay\^^c^^r. One, the Kolbe reaction, 
produces ethane afiicK b«s^n"\iioxid^ 

+ 2H+ + 2c-, 

= 0.16. 


2 CH 3 COOH 



The other, the Hofer-Moesr 
carbon dioxide, 


m, forms methyl alcohol and 


CO2 + 2H+ + 2c-, 

\ = -0.35. 


H 2 O + CHaCOOIf C 

. ■ 

The Koll^ re^ctibia.^^curj^\with smooth pl^lifitMQ^e]^ in 
concentrated ai^etate a^^tic acid mixtjures an3^he anodic 
potential isNqu^ high,^'^round —2.1 volis. The Hofer-Moest 
reaction is favoB^ by tne presence of Jijgh concentrations of 
alkali bicarbonates, s^lfa^, and other sms with negative ions 
which are not readily oxidized/"'TE<lai^\occurs in acetic acid if 
salts of manganese, lead, or sitfe'^e^r^ent, as these substances 
appear to inhibit the Kol]Wreactioi;^.V^,The anodic potential at 
which the Hofer-Moest reactiolV^ccur^ ra several tenths of a volt 

Jqp rh^tio: 

ion^echanism are discussed in 
references cited. It seems 'probable that an intermediate 
is formed which may decompose iokcive the Hofer-Moest reaction, 
or if the conditions favor the stability of the intermediate, its 
concentration will build up until the rate of its reaction with 
acetic acid, to give the Kolbe reaction, becomes rapid. There 


less than that for the 
Various theories of the 


Muller, E., and Hochstetter, F., Z. Elektrochem., 20, 367 (1914). 

Cf. Glasstone, S., and Hickling, A., J. Chem. Soc., 1878 (1934); Fichter, 
F., Trans. Am. Electrochem. Soc., 66, 467 (1929). 
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is considerable uncertainty regarding the identity of the inter¬ 
mediate, but the strongest evidence points to a peroxyacetic acid, 
possibly CH3CO3H. On this assumption the following reactions 
may be written for an electrode of metal X, wliich has been 
oxidized to a surface layer of XOH. 

XOH + CH3COO- = CH3CO3H + X + e- 

CH3CO3H = CH3OH + CO2 

CH3CO2H + CH3CO3H = C2H6 + 2CO2 + H2O 

Higher fatty acids generally give the Kolbe reaction; and, in 
mixtures of two acids, hydrocarbons corresponding to 
R^R^y and R^R^ are formed, as would be expected from the sug¬ 
gested mechanism. 

Peroxycarbonate, The electrolysis of potassium carbonate 
solutions at low temperatures with a smooth platinum anode 
results in the formation of peroxycarbonate, C 2 O 6 —* The di-acid 
appears to hydrolyze slowly to form the mono-acid, H2CO4. 
There are no experimental data regarding oxidizing power of the 
peroxycarbonates. 

2 H 2 CO 3 - CaOe-- + 4H+ + 2e-“, < -1.7 

Carbon as an oxidizing agent. Judging merely from the free 
energies, one would conclude that carbon was a fairly good oxidiz¬ 
ing agent, 

CH4(g) = C + 4 H+ + 4 e-, E^ = - 0.13 

However in view of the high energy of the C-C bonds in solid, 
it is not surprising that the activation energy is so large that, 
even at a high overvoltage, carbon cannot be reduced to methane. 

Carbon is thermodsoiamically stable with respect to its hy¬ 
drolysis. 

2C -b 2 H 2 O = CO 2 + CH 4 , = 6730 cal. 

The positive free energy is not large; and, again, except for the 
high activation energy, appreciable partial pressures of the gaseous 
products would be obtained. 
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Unsaturated hydrocarbons. From the free energy data, 

C2H6(g) = C2H4(g) + 2H"^ + 2e~y = —0.50 

A similar case of the single bond-double bond couple is the succinic 
acid-fumaric acid electrode which was measured directly by 
Borsook and Schott. They found, 

HO 2 CCH 2 - CH2C02H(aq) 

- H02CH=CHC02H(aq) + 2H+ + 2e- = -0.44. 

It is again interesting to note that while the activation energy 
of these more complicated molecules is lower, the magnitude of 
the potential remains the same as for the C2H6 — C2H4 couple. 

The cathodic reduction of the double bonds of the benzene ring 
can be accomplished in the case of a number of its derivatives, 
for example, the reduction of phenol to cyclohexanol.^® 

For the double bond-triple bond potential, that is, the ethylene- 
acetylene couple, the computation from the free energies gives, 

C2H4(g) = C2H2(g) + 2H-^ + 2e-, E^ = -0.83 

In spite of this favorable potential it is somewhat difficult to 
reduce acetylene. However, under suitable conditions it may be 
carried out electrolytically. 

Aniline-nitrobenzene. Parks and Hoffman, in their monograph, 
gave for the free energy of aniline (1), 35,400 cal., and for nitro¬ 
benzene (1) a rough estimate of 36,400 cal. The solubility of 
aniline in water is about 0.3 M and the dissociation constant of 
the ion, CcHsNHs^, is 2 X 10~®. As an approximate figure, 
29,400 cal. will be taken for the free energy of the acid ion. Hence, 

2 H 2 O + CeH6NHa+ = CJI 5 NO 2 + 7H+ + Ge", E^ = -0.87 

This potential is about the same as the value, —0.86, found for 
the NH 4 ^—HNO 2 half-reaction. Haber and Schmidt^® studied 


Borsook, H., and Schott, H. F., J. Biol. Chem., 42, 635 (1931). 

Cf. Bancroft, W. D., and George, A. B., Trans. Am. Electrochem. 
Soc., 67, 399 (1930). 

Haber, F., and Schmidt, C., Z. physik. Chem., 32 , 271 (1900). 
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the electrolytic reduction of nitrobenzene and proposed a scheme 
which, with subsequent modification, is the following: 


C,HsNO, 

(-0.8) 

CeHsNO 

OHC 0 H 4 NH 2 <- - C 6 H 5 NH 2 OH+ 

C 6 H 5 NHC 6 H 5 NH 2 U I (-1 -20) 

^ C 6 H 5 NH 3 + 


^CeHsNO^NCfiHfi 

i 

CeHsN^NCeHs 

i 

CeH,NH - NHCeHt -> NHgCeH, - C^HiNH 


The first step, the formation of nitrosobenzene, requires a 
fairly high overvoltage. The ^econd step, the formation of 
phenyl hydroxy]amine, can attaifi ^ reversible equilibrium, and 
the potential of the couple has been measured.^® 

C 6 H 5 NH 2 OH+ = CeHsNO + 3H+ + 2 e-, = -0.60 


The third step, the formation of aniline, is not reversil>le in the 
equilibrium scaise. The potentials of the first and third steps 
have been estimated from tlie overall value and those of the 
corresponding simple nitrogen compounds. The formation of 
p-arninodiphenyl amine, CeHsNHCeHsNH'i; azoxybenzene, 
CJisNOrNCeHs,* and azobenzene, C 6 H 5 N:NC 6 H 6 result from 
secondary reactions indicated by arrows. The azoxybenzene may 
be reduced to hydrazobenzene, CeHbNH-NHCeHs, which can 
rearrange to form benzidine. Also, rearrangement of the phenyl- 
hydroxylamine may occur to form p-aminophenol. Hydrazo¬ 
benzene is not readily reduced to aniline, but a number of its 
substituted derivatives are. Reversible potentials have been 
measured for several of the substituted azobenzenes to the cor¬ 
responding hydrazobenzenes and the values are about — 0.4 
(cf. International Critical Tables). 

A cathode with high overvoltage favors the reduction of nitro¬ 
benzene to aniline in acid solution apparently because phenyl- 
hydroxylamine is then rapidly reduced and cannot therefore 


Cf. Conant, J. B., International Critical Tables, VI, 333. 
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enter into side reactions. The side reaction producing azoxy- 
benzene is favored by alkaline solutions.^ ^ 

A very complete review has been given by Swann^^ for the 
whole field of electrolytic organic oxidation and reduction reactions. 

Cyanide, cyanate, and cyanogen. Data pertaining to these 
substances are summarized in. Table 23. These values are 
recalculated from the data of Lewis and Randall, with the excep¬ 
tion of C 2 N 2 (g) which is calculated from the heat of formation, 
70,560 cal., and the entropy of formation, 9.3 cal. per degree. 
The dissociation constant of hydrocyanic acid, 4 X 10"^^, by 
Harman and Worley^^ is probably better than the older values 
and has been employed in the recalculation. The third law 
free energy of HCN(g) appears to be 28,000 cah, which is in close 
agreement, but there is consid^able uncertainty regarding the 


FREE ENERGIES. 


Table 23 

CYANOGEN DERIVATIVES 


HCN(k) i 

27,730 

HCN(aq) 

26,340 

CN“ ^ \ 

39,140 


67,780 

HCNOL. 

-28,980 

CNO- [ ^ 

-23,630 


4 X 10-'« 


1.2 X 10-< 


heat of forination. , The ^following half-reactions relate the 
energies of the three oxidatioh states. 

H 2 O + -^C2N2(g) = HCNb^ H+ + c- = 0.27 

HCN = K^2N2(g) + H+ + e-, = -0.33 

20H- + CN- =CNO“ + H 2 O + 2c-, El = 0.96 


Cyanogen is unstable with respect to its so-called hydrolysis not 
only in alkaline solution but also in acid. 

20H- + C 2 N 2 = CN- + CNO- + H 2 O, = -33,790 cal. 

H 2 O + C 2 N 2 == HCN + HCNO, AF° = -13,730 cal. 


Glasstone, S., and Hickling, A., Electrolytic Oxidation and Reduction 
(Van Nostrand, New York, 1936), p. 161. 

” Swann, S., Jr., Trans. Electrochem. Soc., 69, 287 (1936). 

« Harman, R. W., and Worley, F. P., Trans. Faraday Soc., 20, 502 (1924), 
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Thiocyanate. From the thermal data of Bichowsky and Rossini, 

CN- + S = CNS-, = AF^ = -16,000 cal. 

Since the entropy of the reaction must be small, the free energy 
may be taken equal to the AH^. This gives for the free energy 
of formation of thiocyanate ion, 23,140 cal. The heat of ioni¬ 
zation of the acid is 330 cal.; and using the Pitzer^^ rule that the 
entropy of ionization is approximately 22 entropy units, the free 
energy of ionization is 5300 cal. and if = ca 1 X 10~^. We shall 
then take 17,800 cal. as the free energy of HCNS. The most 
important potential is the oxidation to hydrogen cyanide and 
sulfurous acid. 

3 H 2 O + HCNS~>HCN(aq) + H 2 SO 3 + 4H+ + = -0.55 

Bjerrum and Kirschner^^ found that free thiocyanogen was 
between bromine and iodine as an oxidizing agent and reported, 

2 CNS- = (CNS )2 + 2 c-, = -0.77. 

Hydroquinone-quinone couples. The reversibility of hydro- 
quinone-quinone electrodes and their extensive use in the de¬ 
termination of hydrogen-ion concentrations are well known. 
Conant and Fieser^® have given the potentials summarized in 
Table 24. ' .. 

For those cases in which a Solid quinhydrone is formed as an 
intermediate, the overall potential must obviously be measured 
in two steps. Thus for benzoquinone, 

C 6 H 402 -C 6 H 4 ( 0 H) 2 (s) = 2 C 6 H 402 (s) + 2H+ + 2c- 

= -0.749 

2C6H4(OH)2(s) = C6H402*CeH4(0H)2(s)+2H+ + 2e-", 

E^ = -0.613. 

Many additional quinone derivatives have been studied for the 
purpose of determining the effect of substitution upon the poten- 


2 * Pitzer, K. S., J. Am. Chera. Soc., 59, 2365 (1937). 

Bjerrum, N., and Kirschner, A., Kgl. Danske Videnskab. Selskab, 
Math-fys., Series (8), Vol. 6, No. 1, p. 76 (1918). 

Conant, J. B., and Fieser, L. F., J. Am. Chem. Soc., 46, 2198 (1923); 
cf. also Schreiner, E., Z. physik. Chem., 117, 64 (1925). 
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tial, but most of this work has been in nonaqueous solutions. 
Among the more important of these researches are: quinolinequi- 
none and benzotriazole by Fieser and Martin,naphthoquinones 
by Fieser and Fieser,and various substituted quinones by 
Kvalnes.^® 

A very interesting review of the semiquinone problem has been 
given by Michaelis.’"'^ 


Table 24 

F/ VALUIi:S FOR SOME HYDROQUINONE-QUINONE COUPLES 


Benzoquinone 

-0.681 

j 2-3 Dichloroquinone 

-0.675 

Toluquinone 

-0.623 

2-5 Dichloroquinone 1 

-0.680 

?>-XyIoquinone 

-0.582 

2-6 Dichloroquinone 

-0.698 

Duroquinone | 

-0.480 

Trichloroquinone ' 

-0.670 

Thymoqiiinono 

--0.579 

Tetrachloroquinone 

-0.664 

Monochloroquinonc 

1 -0.678 

i 1 




Diphenylbenzidine and derivatives. Dipheriylamine and its 
derivatives ha\'C become important as ^^inside^^ indicators for 
titrations witli dichromate, ceric sulfate, and ferrous ion. Sarver 
and KolthofP^ have shown that diplienylamine is first oxidized 
irreversibly to diphenylbenzidine, and this^is then oxidized 
reversibly to diphenylbenzidine violct^QBor<this couple they gave, 

C6H6NHC6H4 ->■ C6H4NHC6H5 = 

C6H5N=C6li4 - C6H4N=C6H5 + 2H+ E° - -0.76 

For the more soluble sulfonic acid derivative these authors report 
E° = —0.87. The higher potential of this couple is advantageous 
as it is desirable to have an indicator which is not oxidized by 
ferric ion. Hammett, Walden, and Edmonds®^ investigated 
p-nitrodiphenylamine and 2-4 diaminodiphenylamine and give, 
as values, —1.06 and —0.70, respectively. 


Fieser, L. F., and Martin, E., J. Am. Chem. Soc., 67, 1835 and 1840 
(1935). 

2 ® Fieser, L. F., and Fieser, M., J. Am. Chcin. Soc., 67, 491 (1935), 

29 Kvalnes, D. E., J. Am. Chem. Soc., 66, 670, 2487 (1934). 

29 Michaelis, L., Trans. Electrochem. Soc., 71, 107 (1937). 

Sarver, L. A., and Kolthoff, I. M., J. Am. Chem. Soc., 63, 2902 (1931). 
22 Hammett, L. P., Walden, G. H., and Edmonds, S. M., J. Am. Chem. 
Soc., 66. 1092 (1934). 
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Indophenols. Clark and his co-workers*^ have measured the 
potentials of a number of leuco indophenol-indophenol couples 
For the simplest type the reaction is 

NH2C6H4 - NH - C6H4OH = 

NH 2 C 6 H 4 - N=C6U4=0 + 2H+ + 2e-. 

The values are complicated functions of the hydrogen-ion 
concentration and range from —0.55 to —0.7. 

Methylene blue. 'J'he same authors have studied Lauth^s 
violet and its tetramethyl derivative, methylene blue. The 
potentials are closely the same. 

Methylene white = methylene blue + 2H+ + 2c“, = —0.53 


Indigo. The potentials for a number of leuco indigo-indigo 
couples have likewise been measured by Clark. The essential 
structural reaction is, 


/C(OH) Aom\ 

c , h / yc~c:^ = 




C'eH4 




.CO. 


\- 


/Cell4 -f- 211^ -j- 2c' 


NH^ 


For a number of derivatives, the values range from —0.26 to 
-0.37 

Erioglaucine A. Knop*^ has studied the oxidation of erio- 
glaucine A and eriogreen B. The oxidation potentials are —0.71 
and —0.72, respectively. These dyes have been used as indica¬ 
tors in oxidation-reduction titrations but as the oxidized form is 
not very stable, the ferrous-phenanthroline complex (cf. p. 213) 
is to be preferred. 

Nitroguanidine. Smith and Sabetta** report the following for 
nitroso-nitroguanidine: 

H 2 O + NH2C=NH = NH2C=NH + 2H+ + 2^", E° = -0.88 

I I 

NHNO NHNO 2 


” Clark, W. M., Delerrnination of Hydrogen Ions (Williams and Wilkins, 
Baltimore, 1928), p. 384. Cf. also International Critical Tables, VI, 
p. 333. 

« Knop, J., Z. anal. Chem., 77, 111 (1929). 

3 * Smith, G. B- L., and Sabetta, V. J., J. Am. Chem. Soc., 64,1034 (1932). 
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Xanthines. Filitti^® gave potentials for a number of xanthine 
couples, 


NH-CO 


NH -CO 


Cn C-NHv C=OC—NH\ 

1120 + II II V:H = I II \tI + 2H+ + 2e-, 

N- C--N^ NH--C- 

= 0.01 


Flavines, murexides, and porphyrexide. Kuhn and his co- 

workers^^ have studied the oxidation and reduction of a large 
number of these complex nitrogen-carbon-oxygen ring structures. 
For the flavines, the values for pH = 7, range from —0.1 to 
— 0.2; for porphyrexide, —0.72; and for murexides, —0.02. 

Safranine. Stiehlcr, Chen, and Clarkinvestigated a number 
of safranine derivatives. The potentials are around —0.3. 

Free energies of CS2, COS, COCI2, CCI4, and CO(NH2)2. The 
Parks and Huffman monograph should be consulted for the free 
energies of many additional carbon compounds. The following 
values may freqiu^ntly be found useful: C()Cl 2 (g), —48,960; 
CCbO), --15,600; COS(g), -39,800; CS2(1), 17,150; CO(NH2)2(aq), 
-48,720. 

The free energies of hydrolysis are readily calculable. Not 
many oxidation-reduction couples involving these substances are 
significant in aqueous solutions; however, urea is sometimes 
employed as a reducing agent, and this potential will be given. 
The constant for its basic dissociation is 1.5 X 10“^^, so we may 
write C 0 (NH 2)2 even in acid solution. 

H 2 O -f C0(NH2)2 CO 2 + N 2 + 6H+ + 6c-, = -0.1 


Silicon 

The standard state of the element is the crystalline solid. Ruff 
and Konschak®^ from their vapor pressure measurements esti- 
mateid 85,000 cal. as the heat of sublimation, but Wartenberg^® 
calculated from his data, only 44,000 cal. The entropy of sub¬ 
limation is 35.6 cal. per degree. 


Filitti, S., J. chim. phys., 1 (1935). 

Kyhn, R., Ber., 68, 1528 (1935); Md,, 69, 1547 and 1557 (1936). 

** Stiehler, R., Chen, T., and Clark, W. M., J. Am. Chem. Soc., 66 , 
891 (1933). 

Ruff, O., and Konschak, M., Z. Elektrochem., 32, 515 (1926). 
Wartenberg, H. v., Z. Elektrochem., 19, 482 (1913). 
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Oxidation states. The principal oxidation state, +4, is that of 
the dioxide, Si02, and the tetrahalides. The dioxide forms in¬ 
numerable acids, the ortho- forms of the mono-, di-, tri-, and 
tetra-acids being H4Si04, H6Si207, HgSiaOio, and HioSuOis, respec¬ 
tively; and many dehydrated forms of these acids are also known, 
for example, meta-mono-silicic acid, H2Si03. In aqueous solu¬ 
tions these acids are often present in complicated equilibria; 
hence it appears that the difference in free energy between the 
various poly-acids is small. Silicons acid, H2Si208, is formed by 
the hydrolysis of the hydrogen halides, SiHXs, and this acid may 
be classified as belonging to the +2 oxidation state. The existence 
of the monoxide is doubtful. A number of hydrosilicons and their 
derivatives, analogous to the corresponding carbon compounds, 
are known, but they are relatively unstable and their free energies, 
with the exception of SiH4, cannot be calculated at present. 

Table 25 


ENTROPIES, HEATS, AND FREE ENERGIES OF FORMATION OF 
SILICON COMPOUNDS 


Substance 

S (CompoundB)l 

AS® 

Mr 

AF® 

Si 02 (a quartz) 

10.1 

-43.4 

-203,340 

-190,400 

H 2 Si 03 ( 8 ) 

(21) 

-88 

-274,100 

-247,900 

SiF4(g) 

(70) 

-30.5 

-360,100 

-351,000 

SiFe"- 

(40) 

-140 

-544,000 

-502,500 

SiCl4(l) 

57.4 

-53.7 

-150,100 

-134,100 

SiH4(g) 

49.03 

-18 

-8,700 

-3,300 

SiC(8) 

3.9 

1 

-2.0 

-27,800 

-27,200 


The free energies of some silicon compounds. The calculations 
from thermal data leading to the free energies of a few silicon 
compounds are summarized in Table 25. 

The heats of formation are from Bichowsky and Rossini, except 
that for H2Si08. Their value for this substance was based 
largely upon the heat of hydration of silicon dioxide calculated 
by Thiessen and Koerner^^ from their vapor pressure data. Their 
value leads to an improbable entropy of hydration, so their vapor 
pressure data were used and the heat consistent with the entropy 
was estimated. The for silane is from the equilibrium data 
by Wartenberg.^2 However, the later investigation by Hogness, 

Thiessen, P. A,, and Koerner, O., Z. anorg. allgem. Chem., 197, 307 
(1931). 

*2 Wartenberg, H. v., Nernsts Festschrift (Knapp, Halle, 1912), p. 469. 
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Wilson, and Johnson^^ casts some doubt upon the validity of 
this work. 

Oxidation and reduction of silicon. Like the case of carbon, 
the bonds between the atoms in the solid silicon are so strong 
that the activation energies in reactions involving the free ele¬ 
ment are very large. Consequently the oxidation-reduction 
couples of silicon are not thermodynamically reversible at low 
temperatures. However the energy relations in the following 
cases are of some interest. 

SiH 4 (g) = Si + 4H-^ + 4e~, = -0.04 

40H- + SiH4(g) = Si + 4 H 2 O + 4e-, i’S = 0.79 

2 H 2 O + Si = Si02 + 4H-^ + 4e-, E° = 0.84 

3 H 2 O + Si - HaSiOs + 4H+ + 4e~, E° = 0.84 

6F- + Si = SiFe— + 4e-, E^ - 1.17 

Only a very approximate value can be given for the free energies 
of the silicate ions in alkaline solution. Mulert^ has given 
values for the heats of solutions of various hydrates of silicon 
dioxide but his data do not appear to be consistent with reason¬ 
able estimations of the free energies and entropies of solution. 
Several determinations of the ionization constants of the simpler 
silicic acids have been made. For H 2 Si 03 , Joseph and Oakle}^^ 
reported Ki = 10"^°.and K 2 = 10~^^. Considering these values 
and rough figures for the solubility of the acid, the free energy 
of SiOs is estimated as ca —215,000 cal. 

60H- -f Si = Si03— + 3 H 2 O + 46-, E% = 1.73 

From this figure, the free energy is very favorable for the solution 
of silicon in alkali with the evolution of hydrogen. 

Silicon is also thermodynamically unstable with respect to its 
hydrolysis reaction, 

2Si + 2 H 2 O - SiH 4 (g) + Si02, AF" = -80,300 cal. 

** Hogness, T. R., Wilson, T. L., and Johnson, W. C., J. Am. Chem. 
Soc., 68, 108 (1936). 

** Mulert, O., Z. anorg. Chem., 76, 198 (1912). 

Joseph, A. F., and Oakley, H. B., J. Chem. Soc., 127, 2813 (1925). 
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Equilibria involving the silicon halides. Kubelka and Pris- 
toupiP have investigated the reaction of the dioxide with hydrogen 
fluoride. They record, 

SiFe— + 2 H 2 O = Si02 + 4H+ + 6F-, X - 2 X IQ-^^, 

AF^ = 36,500 cal. 

From our free energies wc calculate 31,300 cal. for this reaction. 
Considering the very large free energies of the substances involved 
and the approximate nature of much of the data, the agreement 
is about all that could be expected. 

For the equilibrium between the fluosilicate and the tetra- 
fluoride we calculate, 

SiFe— = SiF 4 (g) + 2F-, = 20,100 cal. 

and for the partial hydrolysis which occurs when the tetrafluoride 
is passed into water, 

3SiF4(g) + 3 H 2 O = 2H2SiF6(aq) + HsSiO^Cs), 

= -24,820 cal. 

For the hydrolysis of the tetrachloride our free energies give, 
SiCUO) + 2 H 2 O = Si02 + 4H-^ + 4C1-, AF^ = -68,300 cal. 
Germanium 

The standard state of the element is the crystalline solid. 
There are no data on the vapor pressure or heat of vaporization. 

Oxidation states. Germanium forms oxides of the +2 and +4 
oxidation states, GeO and Ge(32. Both oxides are amphoteric. 
Evidence has been advanced indicating that germanous acid has 
a formic acid structure or at least may exist in this tautomeric 
form, but with hydrochloric acid it forms GeCb and with hydrogen 
sulfide, GeS. The evidence does not appear to be conclusive. 
Germane, GeH 4 , and a number of hydrogen compounds analogous 
to the simple hydrocarbons, are known, but no thermodynamic 
data have been obtained for them. 

Germanium potentials. Nichols and Cooper^’^ sought to 

Kubelka, P., and Pristoupil, V., Z. anorg. allgem. Chem., 197, 391 
(1931). 

Nichols, M. L., and Cooper, S. R., Ind. Eng. Chem., Anal. Ed., 7, 
350 (1935). 
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measure the Ge—Ge02 couple but concluded that the cell was not 
completely reversible. The heat of formation of the dioxide has 
not been determined. Laubengayer and Morton^® studied the 
crystal forms of the dioxide. The tetragonal rutile type of the 
oxide is practically insoluble and much denser than the soluble 
hexagonal form, and the difference in energy between the two 
appears to be unusually large. No hydrates of the more soluble 
modification are known. Its solubility is given as 4.55 g per 
liter at 25° C. From the data on neighboring elements, an 
estimate of —155,000 cal. is made for the heat of formation of 
soluble modification and —142,000 cal. for its free energy, 

2 H 2 O + Ge = GeOs + 4H+ + 4e~, = ca O-S^ 

Pugld^ has given the constants of the acid H 2 Ge 03 as Xi, 
2.6 X 10“® and A" 2 , 1.9 X 10~^^ Combining with the solubili^ty 
we find, 

GeOs + H 2 O = + HGe02~, X = 1.1 X 

For the potential in alkaline solution we may then write, 

50H- + Ge = HGe 03 - + 2 H 2 O + 4e-, 

Eb = ca 1.2. 

Roth and Schwartz^® measured the heat of hydrolysis of GeCUCl) 
and recorded 25 kcal. Estimating the entropy of the reaction as 
27 cal. per degree, we find, 

2 H 2 O + GeCUil) = Ge02 + 4H+ + 401", 

= -17,000 cal. 

In hot concentrated hydrochloric acid the reaction is reversed 
and the dioxide may be converted to the volatile tetrachloride. 
The complex fluoride ion, GeFe , forms, but there are no quanti¬ 
tative data. 

Acid solutions of Ge"^ are fairly stable in the absence of oxidiz¬ 
ing agents but highly alkaline solutions evolve hydrogen with the 
oxidation of the germanium to HGeOs"". At the same time some 

** Laubengayer, A. W., and Morton, D. S., J. Am. Chem. Soc., 54, 
2318 (1932). 

« Pugh, W., J. Chem. Soc., 2001 (1929). 

‘0 Roth, W. A., and Schwartz, O.; Z. physik. Chem., 134, 456 (1928). 
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decomposition into the metal and the germanate is said to occur. 
With reference to the Ge— Ge02 couples, we estimate, 

2 H 2 O + Ge++ = GeOa + 4H+ + = ca 0.2 

20H- + HGeOa- = HGeOa" + H 2 O + 2c-, El = ca 1.4 

Both the +2 and +4 sulfides may be precipitated. The 
latter is readily soluble in sulfide ion with the formation of thio- 
germanate. No values for the equilibrium constants can be 
given. 

The cathodic reduction of a germanium electrode in phosphoric 
acid results in the formation of some GeH 4 . The compound 
appears to be endothermic, but a fairly high temperature is 
required for its decomposition. 

GeH 4 = Ge + 4H+ + 4c-, E^ > 0.3 

There are few elements whose chemistry is so little understood 
as is that of germanium. The almost complete lack of quanti¬ 
tative data is to be noted, and many of the qualitative facts upon 
which the approximate potentials have been estimated will doubt¬ 
less be subject to reinterpretation. 

Tin 

The standard state of the element is the metal. Two metallic 
forms are known, rhombic and tetragonal; but, as the difference 
in energy is only 2 cal., either may be taken as the standard state. 
Lewis and RandalP^ gave AIP = 532, AS^ = 1.94, and = 9.5 
for the transition of the nonmetallic gray modification to the 
metallic. Kelley“ calculates 61,940 cal. as the free energy of 
vaporization to form Sn 4 (g) from the vapor pressure measurements 
of Harteck, but concluded that the results of a number of in¬ 
vestigators who worked at higher temperatures than Harteck 
could not be reconciled with assumption of the tetratomic gas. 

Oxidation states. Tin exists in the +2 oxidation state, stan¬ 
nous and stannite compounds, and in the +4 state, stannic and 
stannate compounds. The hydrogen compound, SnH 4 , may be 
prepared but it is thermodynamically unstable. 


Lewis, G. N., and Randall, M., Thermodynamics (McGraw-Hill, 
New York, 1923), p. 450. 

Kelley, K. K., U. S. Bur. Mines Bull., No. 383 (1935). 
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Tin-stannous potentials. The International Critical Tables 
chose for the Sn—Sn"^ couple, 

Sn = Sn++ + 2e~, == 0.136 

and the free energy of Sn“^"^, --6275 cal. 

Derived frona the heat of formation of stannous hydroxide, 
—136,100 cal., and the entropy of formation, —70 cal. per degree, 
which is based upon an estimate of 22 for the entropy of Sn(()H) 2 , 
the free energy of formation is —115,200 cal. This gives for the 
solubility product, 1.6 X lO”^^ Experimental values in the 
literature are 5 X lO'^® by Prytz^^ and 1.4 X lO""^® by Smrz.^ 
We are unable to locate the cause of the discrepancy and shall 
adopt the value of Prytz. 

Sn(OH )2 = Sn-^ + 20H" K = 5 X lO-^^. 

The corresponding free energy of the hydroxide is —115,950 cal. 
Smrz also reported for the acid dissociation, 

HjSnOa = H-^ + HSnOj", K = & X 10"'®. 

From this value the free energy of formation of the ion, USn02“, 
is —92,450 cal., and 

30H" + Sn = HSn02- + H 2 O + 2e-, E% = 0.79. 

However, stannite is unstable with respect to its decomposition 
into tin and stannate (cf. stannate). 

We may also calculate the free energy of stannous sulfide from 
its heat of formation, —22,700 cal. Assuming the entropy of 
the sulfide to be 15, the entropy of formation is 4.9 and the free 
energy is —21,250 cal. 

SnS = Sn^ + S—, X = 8 X lO'^^ 

S-" + Sn = SnS + 2er, = 0,97 

Stannous carbonate is hydrolyzed to the hydroxide. 

Stannous-stannic potentials. An accurate value for the Sn^^— 
Sn"^ couple cannot be given, as the activity coefficient and 


Prytz, M., Z. anorg. allgem. Chem., 174, 371 (1928). 
Smrz, J., Rec. trav. chim., 44, 590 (1925). 
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hydrolysis constant of stannic ion are not known. Huey and 
Tartar*^*^ reported —0.154 and we shall write, 

Sn^ = Sn+^ + 2er, = -0.15 

The corresponding free energy of stannic ion is ca 650 cal. 
Prytz^ attempted to measure the Sn—Sn*^ couple in perchlorate 
solution but we are unable to interpret his results. 

The thermal data on stannic hydroxide (precipitated) do not 
appear to be very reliable, but we shall use the Bichowsky and 
Rossini value, —269,000 cal. An estimate of 29 for the entropy 
of the hydroxide is probably fairly close. This then gives —144 
for the entropy of formation and —226,000 cal. for the free energy. 

Sn(OH )4 = Sn+^ + 40H-, if = ca 10"^ 

From the rather sketchy data on the hydrolysis of stannate ion, 
Sn(OH)6 , we estimate, 

Sn(OH )4 + 20H- = Sn(OH)6—*, = -5000 cal. 

An approximate value for the free energy of stannate is then 
-306,000 cal. 

H 2 O + 30H- + HSn02- = Sn(OH)r- + 2e-, 

E% = 0.96 

From the free energies of stannite and stannate one computes, 
2 H 2 O + 2HSn02- = Sn + Sn(OH) 5 ~, 

= -7700 cal. 

This energy appears very reasonable in view of the experimental 
decomposition of stannite solutions and is a gratifying check 
upon the validity of our free energies. No data can be given 
for the insoluble /3 stannic acid. 

From the thermal data, we estimate for the free energy of the 
complex fluoride, SnFe , —436,000 cal. However this figure 
makes tin in the presence of fluoride ion so highly electropositive 
that one is inclined to question the thermal data. 

The heat of formation of SnCUCl) is given as —127,400 cal. 


“ Huey, C. S., and Tartar, H. V., J. Am. Chem. 80c., 56, 2585 (1934). 
Prytz, M., Z. anorg. allgem. Chem., 219, 89 (1934). 
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The entropy of formation is —56.8 cal. per degree, and these 
values then give —110,600 cal. for the free energy. For the free 
energy of hydrolysis, one computes, 

SnCl4(l) + 4 H 2 O - Sn(OH)4 + 4H+ + 4C1-, 

AF° = -14,000 cal. 

Since the hydroxide is quite soluble in hydrochloric acid, the 
actual chemical reaction forms considerable stannic ion in solu¬ 
tion. The complex ion, SnCU , doubtless is present at high 
chloride concentrations but no value can be given for its free 
energy. 

No quantitative work has been done on stannic sulfide or the 
thiostannates. From the fact that stannous sulfide is oxidized by 
polysulfide, we may write, 

2S— + SnS = SnSa— + 2e- > 0.6 

Lead 

The standard state of the element is the solid metal. From 
the Bichowsky and Rossini of sublimation, 47,500 cal. and 
the AS°, 26.4 cal. per degree, the free energy of sublimation is 
39,600 cal. The saturated lead amalgam is frequently used as an 
electrode and a number of investigators have found 

Pb(s) = Pb(sat. amal.), AF° = —270 cal- 

Oxidation states. The plumbous ion, Pb'^'^, is stable in acid 
solution and forms salts with most negative ions; the hydroxide 
is amphoteric and plumbite ion is formed in alkaline solutions. 
The +4 oxide, Pb02, is also amphoteric but is rather inert toward 
both H"^ and OH-. The oxide, Pb 304 , is a plumbous ortho- 
plumbate, Pb 2 Pb 04 ; and Pb 203 is probably PbPbOs. Many 
investigators have claimed the existence of the +1 oxide, Pb 20 , 
but Van Arkef^ has shown by X-ray analysis that it is a mixture 
of the tetragonal (red) PbO and the metal. 

Lead-plnmbous and lead-plumbite couples. Randall and 


Van Arkel, A. E., Rec. trav. chim., 44, 652 (1925). 
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Cann“ reported 0.1213 for the Pb—Pb++ couple. Carmody” 
found 0.1263 and Fromherz*® gave 0.1274. We shall write, 

Pb = Pb++ + 2e-, E° = 0.126 

The corresponding free energy of lead ion is —5810 cal. 

Spencer and Mote“ gave the following free energies: PbO (red), 
—45,100 cal.; PbO (yellow), —44,956 cal.; and PbO-^1120, 
— 63,721 cal. Combining these with the free energy of solution 
of PbO in hydroxide obtained by Randall and Spencer,** 

PbO(r) + OH- = HPbO,-, AF° = 1903 cal., 

K = 4.03 X 10-* 

PbO(y) + OH- = HPbOj-, AF” = 1740 cal., 

K = 5.31 X 10-* 

The free energy of the biplumbite ion is —80,800 cal. 

30H- + Pb = HPbOj- + HjO + 2e-, E% = 0.54 

20H- + Pb = PbO(r) + HjO + 2e- E% = 0.578 

Using for the heat of formation of Pb(OH) 2 (ppt.), —123,000 cal., 
and estimating the entropy of the hydroxide as 23, we calculate 
from the third law, AF° = —102,200 cal. 

Pb(OH)2 = Pb++ + 20H-, K = 2.8 X 10-‘« 

Randall and Spencer gave for this constant, 8.7 X 10-*®. 

From our free energies, 

Pb(OH)2 = H+ + HPbO,-, K = 2.1 X 10-*« 

The value given by Smrz** is 1.5 X 10-*®. However there is 
considerable doubt regarding the composition of the solid phase, 
and although Pb(OH )2 may first be formed upon precipitation, 
the solid at equilibrium may be Pb(HPb 02)2 or other complex 

Randall, M., and Cann, J. Y., J. Am. Chem. Soc., 02, 589 (1930). C(. 
Cann, J. Y., and La Rue, E., J. Am. Chem. Soc., 64, 3456 (1932). 

Carmody, W. R., J. Am. Chem. Soc., 61 , 2905 (1929); 64 , 210 (1932). 
Froroherz, H., Z. physik. Chem., 163 , 387 (1931). 

“ Spencer, H. M., and Mote, J. H., J. Am. Chem. Soc., 64 , 4618 (1932). 
*• Randall, M., and Spencer, H. M., J. Am. Chem. Soc., 60 , 1572 (1928). 
** Smrz, J., Rec. trav. chim., 44 , 5W (1925). 
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hydrates, or even a solid solution of two or more hydrates. For 
the solubility product it is probably better to write, 

PbO(r) + H 2 O = Pb^ + 20H- = 5.5 X lO'^® 

Plumbous halides. The potentials of cells having the reaction, 

Pb + 2AgX = PbX2 + 2Ag 

where X is Cl, Br, or I, have been measured by a number of 
investigators. Thus for chloride and iodide, Gerke®^ reported 
the A® values 0.490 and 0.2135; and for bromide, Cann and 
Sumner^^ gave 0.3525. Cann and Taylor®® agree closely with 
Gerke’s value for the iodide. Combining with our values for the 
Ag—AgX couples we find: 

2C1- + Pb = PbCb + 2e~, = 0.268 

2Br- + Pb = PbBr 2 + 2e“ = 0.280 

21- + Pb = Pbl2 + 2e-, E^ = 0.365. 

The corresponding free energies are PbCb, —75,040 cal.; PbBr 2 , 
— 62,060 cal.; and PbL, —41,470 cal.; and the solubility products, 
are: 

PbCls = Pb^ + 2C1- A = 1.7 X 10-^ 

PbBr 2 = Pb-^ + 2Br-, A = 6.3 X lO"® 

Pbl2 = Pb++ + 2I-, A = 8.7 X 10*® 

Fromherz,®^ in his careful work on the lead halide activities, 
has showm the existence of relatively high concentrations of 
PbX"^ ions. He gave the following constants: 

PbCl+ = Pb++ + Cl- A = 0.0775 

PbBi^ = Pb++ + Br-, A = 0.071 

Pbl- = Pb^ + I-, A = 0.0345 

Concentrated solutions of halide ions dissolve the lead halides 

with the formation of the complex ions, but no quantitative data 
can be given. 

Gerke, R. H., J. Am. Chera. Soc., 44, 1684 (1922). 

Cann, J. Y., and Sumner, R. A., J. Phys. Chem., 36, 2615 (1932). 
Cann, J. Y., and Taylor, A. C., J. Am. Chem. Soc., 69, 1989 (1937). 
Fromherz, H., Z. physik. Chem., 163, 382 (1931). 
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Kohlrausch^® recorded 

PbF2 = Pb^ + 2F-, X = 3.7 X 10-8 

The constant is probably not very accurate, but a rough value 
calculated from the thermal data is of the same order of magnitude. 

Additional lead-plumbous couples. From the of formation 
of lead sulfide, —22,300 cal., and the AaS°, —1.3, which is ac¬ 
curately known, AF° is —21,910 cal. 

PbS = Pb^ + S—, a: = 1.0 X 10-2® 

Kolthoff^^ gave 3.4 X lO'^s for the constant from equilibria data 
but the third law value is probably as reliable although there is 
some uncertainty in the AH°. 

S— + Pb = PbS + 2e~, = 0.98 

The Pb—PbS 04 couple is an important reference electrode 
and also one of the electrodes in the lead storage battery. Harned 
and Hamer,^^ in their critical survey of the subject, record, 

SO 4 — + Pb = PbS04 + 2 c~, E° = 0.355 

their general equation for the temperature range of 0*^ to 60° C. 
being, 

= 0,33096 + 9.5244 X 10-^^ + 8.069 X lO-’^^ 

We shall use this value, although Shrawder and Cowperthwaite,^^ 
extrapolating to the limiting Debye-Htickel slope, found = 
0.35052 for the Pb(sat. amal.)—PbS 04 couple, which would give, 
for the -B® against the metal, 0.3563. 

Combining with our free energies this gives, 

PbS 04 , AF° (formation) = —159,500 cal. 

PbS04 = Pb^ + SO 4 —, B = 1.8 X 10~« 

Jowett and Price^^ following constants for the lead 

phosphates, 

Pb3(P04)2 = 3Pb^ + 2 PO 4 —, B = 3 X 10-^^ 

PbHP04 = Pb++ + HPO 4 —, B = 4 X 10-12 

Kohlrausch, F., Z. physik. Chem., 64, 146 (1908). 

Kolthoff, I. M., J. Phys. Chem., 35, 2720 (1931). 

’0 Harned, H. S., and Hamer, W. J., J. Am. Chem, Soc., 57, 33 (1935). 
Shrawder, J., Jr., and Cowperthwaite, I. A., J. Am. Chem, Soc., 56, 
2343 (1934). 

Jowett, M., and Price, H. I., Trans. Faraday Soc., 28, 668 (1932). 
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For lead iodate, Geilmann and Holtje’* reported, 

Pb(I08)2 - Pb-^ + 2 IO 3 -, X = 3.2 X 10"^^ 

MacDougall and Hoffman^^ gave for the solubility product of 
lead bromate, 

Pb(Br03)2 = Pb++ + 2Br03-, K = 2.0 X 

Beck^^ studied the solubility product of lead chromate. 

PbCr 04 = Pb^ 4- CrOr, X = 1.8 X lO”'^ 

Kelley^® has reviewed the data on lead carbonate and 
calculates the following free energies of formation: PbCOs, 
—149,710 cal., and PbO PbCOa, —195,240 cal. Combining with 
our free energies for the ions, we compute, 

PbCOa = Pb^ + CO 3 ”- X = 1.5 X 10-^3 

C 03 “" + Pb = PbCOa + 2e“, = 0.506. 

Randall and Spencer^^ found for basic lead carbonate, 

Pb3(C03)2(0H)2 + 70H- = 3HPb02- + 2 CO 3 — + 3 H 2 O, 

AF° = 6961 cal. 

This would give, for the free energy of the basic carbonate, 
— 409,115 cal., and 

20H“ + 2003^- + 3Pb - Pb3(C03)2(0H)2 + 6e- 

E% = 0.59 


Plumbous-plumbic couples. The most critical investigation 
of any plumbous-plumbic couple appears to be the work of Harned 
and Hamer^® on the PbS 04 —Pb 02 couple. These authors found, 

2 H 2 O + PbS04 = Pb02 + SO 4 — + 4H+ + 2e-, 

= -1.685. 


Geilmann, W., and Holtje, R., Z. anorg. allgem. Chem., 152, 65 (1926). 
MacDougall, F. H., and Hoffman, E. J., J. Phys. Chem., 40, 330 (1936). 
Beck, K., Z. Elektrochem., 17, 846 (1911). 

Kelley, K. K. and Anderson, C. T., U. S. Bur. Mines Bull. 384 (1935). 
Randall, M., and Spencer, H. M,, J. Am. Chem. Soc., 60, 1582 (1928). 
Harned, H. S., and Hamer, W. J., J. Am. Chem. Soc., 57, 33 (1935). 
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This value, with those of the Pb—PbS 04 and Pb—Pb"^ couples, 
then gives, 

2 H 2 O + Pb^-^ - PbOa + 4H+ + 2e~, = -1.456 

One then computes the free energy of formation of Pb02 to be 

— 52,020 cal. From the work of Glasstone/® 

PbOs + H 2 = PbO + HoO, ^F^ = -49,600 

and this would make the free energy of the Pb02, —52,190 cal. 
Based on the Bichowsky and Rossini Al/°, —65,000 cal. and the 
A>S°, 46.2 cal. per degree, the AF® is —51,210 cal. Andrews 
and Brown,®® from cell measurements, report —50,600 cal. We 
shall use —52,020 cal. 

For the solubility of lead dioxide in 5.3 N HNO3, Cummings®^ 
gave 1.4 X 10 moles per liter. Using 1.1 for the activity coeffi- 
(‘ient of the nitric acid and 0.1 for the lead ion, a computation 
gives as a rough approximation, 

PbOo + 4H+ = Pb+^ + 2 H 2 O, AF° = 10,850 cal. 

and for the free energy of Pb^"*, 72,600 cal. Hence, 

Pb +2 == pi)+4 + 2c--, = ca -1.7 

PbOz + 2 H 2 O = Pb^^ + 40H-, K = 10-®^ 

From the free energies, one calculates, 

20H- + PbO(r) = Pb02 + H 2 O + 2er, El = -0.250. 

However, the half-reaction cannot be measured directly in alkaline 
solution because of the formation of the intermediate oxide, 
Pb 304 , and probably also Pb 203 . Andrews and Brown®^ gave 

— 142,210 cal. for the free energy of formation of Pb 304 , and 
Glasstone®^ wrote, 

Pb2Pb04 = 2Pb+^ + Pb04-^ X = 5.3 X lO'^^ 

Glasstone, S., J. Chem. Soc., 121, 1456 and 14G9 (1922). 

Andrews, L. V., and Brown, D. J., J. Am. Chem. Soc., 56, 388 (1934). 
Cummings, A. C., Z. Elektrochem., 13, 19 (1907); Trans. Faraday Soc., 
2, 197 (1908). 

Andrews, L. V., and Brown, D. J., J. Am. Chem. Soc., 66, 389 (1934). 
« Glasstone, S., J. Chem. Soc., 121, 1469 (1922). 

\ » 
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Grube*^ stated that both PbOa and Pb(OH)6— are present in 

alkaline solution and gave, 

20H“(8.4 N) + PbOa— = PbOs— + H 2 O + 2e-, 

El = -0.208 

This would appear to correspond to an of about —0.28 and 
this was approximately the figure estimated by Glasstone. 

Elbs and his co-workers®*^ prepared plumbic sulfate by the 
electrolysis of sulfuric acid (density 1.8) with a lead anode, and 
plumbic dichromate Pb(Cr 207)2 by a similar process, using con¬ 
centrated chromic acid. With phosphoric acid they prepared 
Pb(H 2 Pb 04 ) 4 . The electrolysis of 100 per cent acetic acid yields 
the plumbic acetate, Pb(C 2 H 302 ) 4 . By the action of cold con- 


Table 26 

CONSTANTS FOR THE EQUATION EXPRESSING THE E.M.F. OF 
THE LEAD STORAGE BATTERY AS A FUNCTION 
OF TEMPERATURE 


MH2S04 

^0“C, 

0 X 10« 

b X 108 

1 

1.9174 

56.1 

108 

2 1 

1.9664 

159 

103 

3 ! 

2.0087 

178 

97 

4 

2.0479 

177 

91 

5 

2.0850 

167 

87 

6 

2.1191 

162 

85 

7 

2.1507 

153 

80 


centrated hydrochloric acid upon the dioxide, the tetrachloride 
and the chloroplumbic acid, H 2 PbCl 6 , have been formed. There 
are no thermodynamic data for any of these plumbic compounds. 

The lead storage battery. The cell reaction in the familiar 
lead storage battery is, for discharge, 

Pb02 + Pb + 4H+ + 2 SO 4 — = 2PbS04 + 2 H 2 O. 

The E"" potential for the reaction may be obtained from the two 
half-reaction potentials given above, but as the cell operates 
at fairly high acid (density H 2 SO 4 , 1.2 to 1.3 when charged) the 


8 ^ Grube, G., Z. Elektrochem., 28, 285 (1922). 

88 Elbs, K., and Fischer, F., Z. Elektrochem., 7, 343 (1900); Elbs, K., 
and Nlibling, R., Z. Elektrochem., 9,776 (1903). 
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experimental values for the electromotive force are more signifi¬ 
cant. Harned and Hamer have represented these electromotive 
forces for the temperature range of 0® to 60° C. by the equation, 

E — Eqo -j- d” 

The constants for the equation are summarized in Table 26 for 
various molal concentrations of sulfuric acid. Although many 
theories have been proposed, little is actually known regarding the 
mechanism of the two-electron transfer which occurs at the lead 
dioxide plate. 



CHAPTER IX 

Gallium, Indium, and Thallium 

The elements gallium, indium, and thallium resemble boron 
and aluminum in having two s electrons and one p electron in their 
valence shell. However, their important chemical properties are 
largely those of their +3 ions, and these ions are unlike boron 
and aluminum in that they do not have the noble gas structure 
but are of the so-called ^'eighteen electron^' type. For this 
reason these elements will be discussed as a separate group. 

Gallium 

The standard state of the element is the solid metal. From the 
heat of formation, 52.0 kcal., chosen by Bichowsky and Rossini, 
and the entropy of formation, 29.8 cal. per degree, the free energy 
of formation of Ga(g) is 43.2 kcal. 

Oxidation states. The principal oxidation state is +3, which 
is represented by the ion, Ga"^, in acid solution and H 2 Ga 03 ” 
in alkaline solution. Halides of the +2 state may be prepared; 
and, since the positive ion has one s electron still remaining in 
the outer shell, it may double up to form an ion, Ga 2 ^'S like mer¬ 
curous, in which the two electrons constitute a bond holding the 
two gallium atoms together. The +1 oxide, Ga20, is formed by 
the reduction of the +3 oxide by the metal at high temperatures. 

The gallium-gallic ion couple. Schwarz von Bergkampf^ reports 
for the gallium-gallic ion couple by direct cell measurement, 

Ga = Ga^ + 3e-, = 0.52 

The corresponding free energy of formation is —36,000 cal. This 
potential is in fair agreement with the work of Richards and 
Boyer.2 Schwarz von Bergkampf also measured the heat of 
solution of the metal in 9 iV hydrochloric acid and found —32,000 
cal., which leads to —23.2 cal. per degree for the entropy of Ga^"^ 
in this solution. The entropy at the heat content of the infinitely 

^ Schwarz von Bergkampf, E., Z. Elektrochem., 38, 847 (1932). 

* Richards, T. W., and Boyer, S., J. Am. Chem. Soc., 43, 274 (1921). 
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dilute solution is certainly, at most, —50; hence there is either a 
very large heat of dilution or the gallium is not present in the 
form of the +3 ion. 

Fricke and Meyring^ have given the following data: 

GaOH++ - Ga^+ + OH", X = 4 X 

Ga(OH) 2 + - GaOH^ + OH', iC = 1.6 X 10~^^ 

HGaOa— = GaOa— + H+ X - 2 X IQ-'^ 

HjGaOs- = HGaOs— + H+ K ^ 4.8 X lO'^^ 

Although it is difficult to make an accurate combination of these 
values with the solubility of the hydroxide in acids and bases as 
given by Porter and Browning^ and by Fricke and Blencke,^ we 
shall write as approximate values for the freshly precipitated 
hydroxide, 

Ga(OH) 3 (s) = Ga^ + 30H- iiT = ca 5 X lO”^' 

H 3 Ga 03 (s) = HsGaOa- + H+ A" = ca 1 X IQ-^^ 

Hence, the free energy of Ga(OH )3 is ca —198,300 cal.; and 
H 2 Ga() 3 ^, ca —178,000 cal.; and the potential in alkaline solution, 

4()H-- + Ga = HaGaOs- + H 2 O + 36", A? = ca 1.22 

The metal dissolves readily in both acids and alkalies with the 
evolution of hydrogen. 

The heat of combustion of the metal to form Ga 203 is given 
as —255.8 kcal. Estimating the entropy of the oxide as 24 gives 
AS®, —70 cal. per degree, and AF® of formation, —235,000 cal. 
The free energy of hydration then is 8500 cal. However, upon 
standing, the hydroxide goes over to a less soluble modification 
and the free energy of hydration to give this form is probably 
negative. 

Gallons chloride. De Boisbaudran ® has studied the preparation 
and properties of the dichloride, GaCb, or probably Ga 2 Cl 4 . 
The chloride may be prepared at high temperatures, and it is 

3 Fricke, R., and Meyring, K., Z. anorg. allgem. Chem., 176, 329 (1928). 
* Porter, L. E., and Browning, P. E., J. Am. Chem. Soc., 41, 1491 (1919). 

3 Fricke, R., and Blencke, W., Z. anorg. allgem. Chem., 143, 184 (1925). 

® De Boisbaudran, L., Compt. rend., 82, 1098 (1876); ibid., 83, 636 and 
824 (1876). 
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soluble in a small amount of water without decomposition, but 
the solution evolves hydrogen upon dilution. Also the chloride 
is said to be formed in solution by treating a concentrated solution 
of the gallic chloride with the metal. Upon dilution this solution 
evolves hydrogen. These facts indicate that the chloride is 
slightly dissociated in concentrated chloride solution, and that 
the undissociated chloride does not decompose water. These 
facts are consistent with the following potentials: 

Ga+~^ = Ga"^' + e“, = ca 0.65 

Ga = Ga^ + 2e-, = ca 0.45 

In the absence of a high concentration of chloride ion, the oxida¬ 
tion of Ga^ by water must be very rapid. The +2 state in 
alkaline solution appears to be unstable with respect to the decom¬ 
position into gallate and the metal. The free energy of Ga“^ 
is ca —21,000 cal. 

The +1 oxide. The heat of formation of the +1 oxide, Ga20, 
has been determined by Klemm and Schnick^ as —82 kcal. 
Estimating the entropy of the oxide as 22 cal. per degree, the 
AaS° of formation is —22.9 and AF°, —75,200 cal. 

H 2 O + 2Ga = GajO + 2H^ + 2€“, E^ = 0.4 

2 H 2 O + GaaO = GaaOa + 4H+ + 46”, E^ = 0.5 

These potentials are not very significant, as the relative solubili¬ 
ties of the two oxides in acids are not known. They do show, 
however, that the +1 oxide is unstable with respect to its decom¬ 
position into the +3 oxide and the metal. 

Indium 

The standard state of the element is the metal. The free energy 
of the monatomic gas, In(g), may be computed from the heat of 
sublimation, 52 kcal., and the entropy of sublimation, 27 cal. 
per degree. The value is 44 kcal. 

Oxidation states. The only ion stable in water solutions is the 
In^^. The halides of the +1 and +2 states may be prepared 
and the probable potentials of the In*^ and In*^ or ions will 
be discussed. 


^ Klemm, W., and Schnick, I., Z. anorg. allgem. Chem., 226, 353 (1936). 
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The indium-indie ion couple. From the precise work of Hattox 
and De Vries® on the direct measurement of the indium-indic ion 
electrode in sulfate solutions, the following potential is obtained, 

In = In^ + 36- = 0.340. 

The free energy of In^^ then is —23,500 cal. The same authors 
found for the first step in the hydrolysis of the ion, 

In+^ + H 2 O = InOH+-+^ + H+, X = 2 X 10“^ 

so even in the absence of excess acid, the principal constituent in 
solutions of indie sulfate is the unhydrolyzed ion. There are no 
data on the free energy or the solubility of indium hydroxide. 
Ditte^s* value for the heat of formation of the oxide, In 203 , is 

— 240 kcal. Estimating the entropy of the oxide as 29, the en¬ 
tropy of formation is —73.5 cal. per degree, and the free energy, 

— 218,000 cal. The oxide is not appreciably soluble in hydroxide; 
hence one may write, 

60H- + 2In = In 203 + 3 H 2 O + 6e- El = 1.18. 

This potential is not very significant, however, as the oxidation of 
the metal in alkaline solution would certainly form the hydroxide. 
The metal dissolves fairly readily in acid solutions and probably 
slowly in alkalies with the evolution of hydrogen. 

The +1 and +2 oxidation states. The chlorides, InCl and 
InCb or In 2 Cl 4 , may be prepared by the action of chlorine on the 
metal. From the reactions of these chlorides with hot water, as 
recorded by Thiel,the following decompositions occur: 

2 In++ = In^ + In+ 

2In"^ = In"^ + In 

To account for these reactions, the approximate potentials must 
be, 

In^ = In^^ + X® = ca 0.45 

In+ == In-^ + 6“, X® = ca 0.35 

In = In+ + e~, X® = ca 0.25 

® Hattox, E. M., and De Vries, T., J. Am. Chem. Soc., 58, 2126 (1936). 

® Ditte, A., Compt. rend., 72, 858 (1871). 

10 Thiel, A., Z. anorg. Chem., 39, 119 (1904); ibid., 40, 280 (1904). 
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for the following reasons. The sum of the three values must 
be 3 X 0.340. from the In—In"^ potential. In order to account 
for the decompositions, the for the first couple must be greater 
than that for the second, and similarly the second must be greater 
than the third. The value of the third can hardly be negative 
since the metal dissolves readily in acid. As a check on this 
last point the free energy of InCl may be calculated from the 
thermal data. Bichowsky and Rossini select -“44.6 kcal. as 
the heat of formation. Taking the entropy of InCl as 23.2 in 
comparison with 23.0 for silver chloride, the entropy of formation 
is 18.0 cal. per degree and the free energy —39,200 cal. Hence, 

Cl- + In = InCI(s) + e-, = 0.34. 

The solubility of the InCl cannot be measured; but from the 
relations in this region of the periodic system, it should be more 
soluble than TlCl but probably less than one molal. This 
value is then in approximate agreement with that chosen for the 
In—In^- couple. 

In the equilibrium between the metal and a solution of the ion, 
In'^+, there will be present appreciable concentrations of In‘*“ and 
In^. In the absence of the metal, the ion of the lower oxidation 
states will rapidly disappear because of their decomposition or 
their oxidation by hydrogen ion. In alkaline solution the hy¬ 
droxides, InOH and In(OH) 2 , are unstable with respect to the 
formation of the less soluble In(OH )3 and the metal. 

Thallium 

The standard state of thallium is the solid metal, Tl(a). There 
is a transition to the P form at 236.3° C. From a number of 
ralher discordant values, Bichowsky and Rossini pick 40 kcal. 
as the heat of sublimation. Using 27.7 as the entropy of sub¬ 
limation, the free energy of Tl(g) is 31,700 cal. RandalP^ gives 
the free energy at 25° C. of Tl(/3) as 39 cal. 

Oxidation states. Thallium forms compounds of the -f 1 oxi¬ 
dation state, thallous, and +3 state, thallic. A very unstable 
+2 bromide, TlBr 2 , may be prepared, but this state has a high 
free energy of decomposition into the -fl and +3 states and is 
essentially nonexistent, although in some cases an appreciable 


“ Randall, M., International Critical Tables, VII, 251. 
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concentration of +2 complex ions may be present in the equi¬ 
librium between thallous and thallic. 

The thallium-thallous couple. The very precise measurements 
of Lewis and his co-worker^^ on the thallium-thallous ion electrode 
has led to the value, 

T1 = T1+ + 6“ = 0.3363 

The corresponding free energy of Tl“^ is —7760 cal. Randall^® 
gives, 

Tl(OH)(s) = T1+ + OH- ^F^ = 190 cal. 

K = 7.2 X 10-1 

The free energy of the solid hydroxide is then —45,535 cal. and 
the potential of the couple in alkaline solution, 

OH- + T1 = Tl(OH)(s) + e- El = 0.3445 

The free energy of hydration of the oxide is given as 
TbOCs) + HsOCg) = 2Tl(OH) (s), AF^ = -3880 cal. 

Randall also summarizes the following data: 

TlCl(s) = T1+ -h C1-, AF^ = 5086 

a: = 1.9 X 10 - 

TlBr(s) = Tl^ + Br“, AF° = 7420 

X = 3.6 X 10-« 

Tll(s) = Tl-^ + I- AF^ = 9883 

K = 5.8 X 10-8 

The potentials for the couples involving these halides are: 

Cl- + T1 = TlCl(s) + 6-, E^ = 0.557 

Br- + T1 = TlBr(s) + e", = 0.658 

I- + T1 = Tll(s) -h e-, E^ = 0.765 

and the corresponding free energies: TlCl, —44,190 cal.; TlBr, 
— 39,750 cal.; TII, —29,976 cal. These values are in remarkably 
good agreement with those calculated from the heats of forma¬ 
tion and the entropies of formation by the Third Law of Thermo¬ 
dynamics. 

“ Cf. Lewis, G. N., and Randall, M., Thermodynamics (McGraw-Hill, 
New York, 1923), p. 412. 

13 Randall, M., International Critical Tables, VII, 251. 
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Kolthoff has given for the solubility product of thallous sulfide, 

TI 2 S = 2T1+ + S—, a: = 1.2 X 10-24 

One then calculates for the T1—TI 2 S couple, 

S“ + 2T1 = TI 2 S + 2e-, E% = 1.04. 

For thallous iodate, Spencer^® wrote for the product of the con¬ 
centrations, 

TIIO 3 = TI+ + IO 3 -, = 4.5 X 10-\ 

Noyes and Abbot^® studied equilibria between a number of 
thallous salts at 40° C. The following are values for the con¬ 
centration products at that temperature. 

TlBrOs = T1+ + BrOa", X = 3.9 X lO"'* 

TICNS = T1+ + CNS~, K = 5.8 X lO"' 

The thallous-thallic couple. Noyes and Garner^^ measured 
the oxidation potential of the thallous-thallic couple in nitric 
acid solutions and gave —1.230 as the £° value. Partington and 
StonehilP® have measured the same potential in sulfuric acid at 
25° C. and deduce —1.2207 as the true value. Sherrill and Haas^® 
chose perchloric acid as the electrolyte because of the freedom 
from complex formation of the perchlorate and have expressed 
their value as a function of the total ionic strength of the cell. 

= 1.2466 + 0.0076 u + 0.00482 v? 

These authors point out that the extrapolation to zero ionic 
strength in their measurements is large, but in the absence of a 
better value, we shall write, 

T1+ = tI-hh- + 2e- = -1.25. 

This would make the free energy of thallic ion, TP*^, 49,750 cal. 
The same authors estimate the solubility product of thallic 
hydroxide to be 1.5 X 10~^. Hence one computes for the free 


Kolthoff, I. M., J. Phys. Chem., 36, 2720 (1931). 

» Spencer, J. F., Z. physik, Chem., 80, 707 (1912). 

Noyes, A. A., and Abbot, C. G., Z. physik. Chem., 16, 130 (1896). 
Noyes, A. A., and Garner, C. S., J. Am. Chem. Soc., 68, 1268 (1936). 
Partington, J. R., and Stonehill, H. L, Trans. Faraday Soc., 31, 1365 
(1935). 

Sherrill, M. S., and Haas, A. J., Jr., J. Am. Chem. Soc., 68, 953 (1936). 
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energy of the hydroxide, Tl(0H)8(s), —123,000 cal. This gives 
for the potential of the thallous-thallic couple in alkaline solution, 

20H- + TlOH(s) = T 1 (OH) 3 (s) + 26", E% = 0.05 

In neutral solution thallous sulfate may be oxidized, on a 
platinum anode, quantitatively to the thallic hydroxide by using 
a fairly high overvoltage. At lower voltages a black form of the 
oxide TI 2 O 3 is said to form, and the same product is obtained in 
hot alkaline solutions. In slightly acid solutions of the thallous 
sulfate, Gallo and CeunP report the anodic oxidation to a per¬ 
oxide complex, TI 3 O 6 . 

Because of the slight solubility of the thallous chloride, the 
net reaction for the thallous-thallic couple in the presence of 
chloride may be written as, 

TlCl = Tl+^^ + Cl~ + 2e-, = -1.36 

This value, for practical purposes, is too low, as the chloride cer¬ 
tainly forms complex ions with the thallic. Chloride ion does not 
readily reduce thallic solutions, as the potential indicates, but 
the reduction, of course, occurs with bromide and iodide. 

Summary of Group 3' potentials. For comparison of the 
potentials of the three elements of the group, the values for the 
various couples in acid solution are summarized in the following 
scheme: 

Acid Solution 

0 +1 +2 +3 



The principal point of interest is the increase in the oxidizing 
power of the +3 ion with increasing atomic weight. The in¬ 
creasing stability of the +1 state and the decreasing stability of 
the +2 state may also be noted. 

Gallo, G., and Ceuni, G., Gass. chim. Ital., 39, 286 (1908). 
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Zinc, Cadmium, and Mercury 

Like the alkaline earths, the elements of this group have two 
5 electrons in their valence shell, but they are unlike the alkaline 
earth elements in that the kernels are of the 18-electron type 
instead of octets. Mercury forms -ous compounds in which 
the mercury atom has lost only one of the s electrons; and, as a 
result, two such atoms combine to form a double ion with an 
electron pair bond, for example, Hg:Hg^. 

Zinc 

The standard state of the element is the solid metal. Over- 
street^ has made a careful study of the thermal and vapor pressure 
data of zinc. He computes for the sublimation of the solid the 
following data: AH°, 31,189 cal.; AS^, 38.46 cal. per degree; and 
AF®, 22,692 cal. The gas is monatomic. 

Oxidation states. Zinc forms compounds in which the oxida¬ 
tion state is +2. There appears to be no reliable evidence for 
the existence of the +1 state. 

The zinc-zinc ion couple. Shrawder, Cowperthwaite, and I^a 
Mer^ reviewed the previous work on the zinc electrode and 
calculate 

Zn = Zn++ + 2e~, = 0.7620 

The free energy of zinc ion is —35,176 cal. 

Dietrich and Johnston^ report for the zinc-zinc hydroxide elec¬ 
trode against the mercury-mercuric oxide electrode in alkali, 

Zn + HgO + H 2 O = Zn(OH )2 + Hg(l), F" = 1.3438 


1 Overstreet; R., (Thesis, University of California, 1930). Cf. Kelley, 
K. K., U. S. Bur. Mines Bull., No. 383 (1935). 

* Shrawder, J., Cowperthwaite, I. A., and La Mer, V. K., J. Am. Chem. 
Soc., 56, 2348 (1934). 

* Dietrich, H. G., and Johnston, J., J. Am. Chem. Soc., 49, 1419 (1927). 

165 
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This gives, 

20H“ + Zn - Zn(0H)2(s) + 2e~-, E% = 1.245 

and 

Zn(0H)2(s) = Zn^ + 20H” X = 4.5 X 

There are several unstable forms of zinc hydroxide, and these 
authors carefully prepared the stable orthorhombic crystalline 
modification for their work. From their value of the solubility 
product and the measured solubility, 1 X 10“® M, it appears that 
the saturated solution contains considerable unionized zinc 
hydroxide. The free energy of the solid hydroxide is —132,640 
cal. as calculated from these potentials. Based on the heat of 
formation of —153,500 cal. and the entropy of formation of 
— 72.3 cal. per degree, assuming the entropy of Zn(OH )2 is 18, 
the free energy is —131,900 cal., in fair agreement with the 
potential value. 

Kolthoff and Kameda^ found for the hydrolysis of zinc ion, 

Zn^ + H 2 O = Zn(OH)+ + H+, K = 2.45 X lO-^® 

Their value for the solubility product, 1 X 10~^^, is in approxi¬ 
mate agreement with that given above. 

From the solubility of the hydroxide in alkali, Dietrich and 
Johnston calculate, 

Zn++ + 40H- = Zn02 “ + 2 H 2 O, = -21,090 cal. 

a: = 2.8 X 10'^ 

Zn(OH )2 = Zn02-“ + 2H+, K - 1.0 X IQ-^® 

This makes the free energy of zincate ion, Zn02 , —93,030 cal., 
and the potential of the zinc-zincate couple 

40H- + Zn = Zn02— + 2 H 2 O + 2c-, E% = 1.216 

There are surprisingly few data on the zinc ammonia complex 
ion. For the dissociation, 

Zn(NH3)4^ = Zn-^ + 4NH3(aq) 

Euler^ gives 2.6 X 10“^® from electromotive force measurements, 

* Kolthoff, I. M., and Kameda, T., J. Am. Chem. Soc.,63, 835 (1931). 
»Euler, H., Ber., 36, 3400 (1903). 
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and Wijs,® gives 9.8 X 10“^® from the partial pressure of ammonia 
over solutions of the complex ion. The latter appears to be the 
more reliable. Hence the free energy of formation of the ion 
Zn(NH 3 ) 4 “^ is —72,740 cal. and for the half-reaction, 

4NH3(aq) + Zn = Zn(NH3)4^ + 26“, El = 1.03. 

Euler also determined the dissociation constant of the complex 
cyanide, Zn(CN )4 and found iC = 1.3 X 10“^^. Kunschert^ 
gave 1.287 as the E"^ value of the zinc-complex cyanide couple 
which corresponds to 1.2 X 10“^® for the constant. He assumed 
the formula of the ion to be Zn(CN )3 . We shall write, 

4CN' + Zn = Zn(CN) 4 -“ + 26“ E^ = 1.26. 

Kunschert measured the potential of the zinc-complex oxalate 
couple. Attempting to recalculate his results, we find the disso¬ 
ciation constant approximately K = 10“* and the potential of 
the couple, 

30204“ + Zn = Zn(C 204 ) 3 "' + 26“, = ca 1.02. 

The heat of formation of zinc sulfide is given as —44,300 cal. 
and the entropy of formation is —3.8 cal. per degree. Based on 
these values, the free energy of formation is —43,200 cal. and the 
potential of the zinc-zinc sulfide couple 

S— + Zn = ZnS + 26“ El = 1.44. 

The free energy enables us to calculate the solubility product of 
zinc sulfide. 

ZnS = Zn++ + S“, = 31,620 cal. 

K = 4.5 X 10“24 


This figure is probably as reliable as any of the direct experimental 
values. 

Kelley and Anderson® in their study of the carbonate data give 


® Wijs, H. J. de, Rec. trav. chim., 44 , 663 (1925). 

^ Kunschert, F., Z. anorg. Chem., 41 , 341 (1904). 

•Kelley, K. K., and Anderson, C. T., U. S. Bur. Mines Bull., No. 384 
(1935). 



158 


ZINC, CADMIUM, AND MERCURY [Chap. X 


— 174,780 cal. for the free energy of formation of zinc carbonate. 
Making use of the free energies of the ions, one calculates 

ZnCOs - Zn++ + COs—, = 13,220 cal. 

K = 2X lOrio 

The heat of formation of the carbonate is subject to some uncer¬ 
tainties; hence too much weight cannot be given to this value for 
the constant. Ageno and Valla® gave 2.1 X 10 ~^^ as the solu¬ 
bility product. Taking 6 X 10“^^ as an average, 

CO 3 — + Zn = ZnCOa + 2e~, El = 1.07 

In both acidic and basic solution, the zinc couple is more posi¬ 
tive than the corresponding hydrogen couple, although the differ¬ 
ence is smaller in the basic solution. However, because of the 
very high overvoltage of hydrogen on zinc the metal does not 
dissolve rapidly in hydrogen ion unless it is in contact with some 
substance on which hydrogen gas can be liberated at a lower 
overvoltage. Likewise, because of the overvoltage, zinc ion or 
zincate may be reduced to the metal in water solutions and both 
the voltage and overvoltage are more favorable at low hydrogen- 
ion concentration. The quantitative estimation of zinc by 
cathodic precipitation may be made in a solution buffered by 
acetate and acetic acid, but the determination is more satisfac¬ 
tory when the electrolyte is zincate or the complex cyanide. 

Cadmium 

The standard state of cadmium is the solid metal. Kelley^® 
calculates 18,489 cal. as the free energy of sublimation from vapor 
pressure and specific heat data. For the heat and entropy of 
sublimation, he gave AH°, 26,754 cal.; and AS®, 40.07 cal. per 
degree. The gas is monatomic. 

Oxidation states. Like zinc, the only important oxidation 
state is the + 2 . The hydroxide is considerably more basic than 
zinc hydroxide. There is some evidence for the existence of 
the +1 oxide, Cd 20 , and chloride, Cd 2 Cl 2 . 

The cadmium-cadmium ion couple. Harned and Fitzgerald^^ 


• Ageno, F., and Valla, E., Atti. Accad. Lincei, 20, 705 (1911). 

10 Kelley, K. K., U. S. Bur. Mines Bull., No. 383 (1935). 

“ Harned, H., and Fitzgerald, M. E., J, Am. Chem. Soc., 68, 2624 (1936). 
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have reviewed the literature on the cadmium-cadmium ion 
couple and give, 

Cd = Cd^ + 2c-, = 0.4020 

This corresponds to —18,550 cal. for the free energy of the ion, 
Cd^-+-. 

From measurements on the cell whose reaction is, 

Cd + HgO + H 2 O = Cd(OH)2 + Hg, 

Ishikawa and Shibata^^ obtained —42,100 for the free energy of 
the reaction and calculated for the solubility product, K = 
1.17 X 10~^^. Wijs^® reported 2.8 X 10~^^ and 2.1 X 10“^^ 
We shall write (formation Cd(OH) 2 ) = —112,730 cal. 

Cd(OH)2 = Cd^ + 20H-, K = 1.2 X lO-^^ 

20H- + Cd = Cd(OH)2 + 2c-, E% = 0.815 

There appears to be no appreciable formation of cadmate ion in 
dilute hydroxide solutions. The solubility of the hydroxide in 
water is 1.4 X 10'® molal, so from the activity product given 
above, the hydroxide which dissolves is not completely ionized. 

For the dissociation constant of the cadmium-ammonia complex 
ion, Wijs^^ reported 2.5 X 10~^ and Euler^^ 1 X 10“^ The latter 
is from e.m.f. measurements of a cell with no correction for the 
activity coefficients, while the former is from the partial pressure 
of ammonia over a solution of the complex ion and is probably the 
more reliable. Based on this value, the free energy of Cd(NH 3 ) 4 ^ 
is —52,850 cal. and 

4NH8 + Cd = Cd(NH3)4-^ + 2c“ E% = 0.597 

Euler found 1.4 X 10“^^ for the dissociation constant of the 
cyanide complex ion. The corresponding free energy of the ion, 
Cd(CN) 4 “~, is 111,000 cal., and one computes for the potential 
of the couple, 

4CN- + Cd = Cd(CN)4— + 2e-, E% = 0.90 

” Ishikawa, F., and Shibata, E., Science Rep. Tohoku Imp. Univ., 21, 
499 (1932). 

^*Wijs, H. J. de, Rec. trav. chim., 44 , 663 (1925). 

Wijs, H. J. de, ibid. 

Euler, H., Ber., 36, 3400 (1903). 

Euler, H., ibid. 
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The same author^^ reported 4 X 10 “* for the dissociation 
constant of the complex thiosulfate which he considered to be 
Cd(S 203 ) 4 “®. However, there may be some question as to the 
validity of this work. 

From the heat of formation of the sulfide, —34,600 cal., and 
the entropy of formation, —4.9 cal. per degree (using CdS, 15, 
estimated), the free energy of formation is found to be—33,100 
cal. This gives for the solubility product, 

CdS = Cd++ + S—, X = 1.4 X lO-*^* 

and for the potential of the cadmium-cadmium sulfide couple, 

S— + Cd = CdS + 2e“ E% = 1.23. 

Since the potential required to oxidize cadmium sulfide to the 
ion and free sulfur is of interest for many analytical procedures, 
that value will be given here although it belongs under the sulfur 
potentials. 

CdS = Cd^ + S + 2c-, = -0.31 

A fairly powerful oxidizing agent is thus required to effect the 
oxidation. 

For the free energy of cadmium carbonate we may employ the 
value calculated by Kelley,^® —163,410 cal. Making use of the 
free energies of the ions, one computes, 

CdCOa = Cd++ + CO 3 —, AK = 18,470 cal. 

K = 2.5 X 10 - 1 ^ 


For the cadmium-cadmium carbonate couple, 

CO 3 — + Cd = CdCOg + 2e- E% = 0.80. 

Cadmium forms a complex ion with iodide, CdU—. The 
dissociation constant has been studied by a number of investi¬ 
gators. Bates and Vosburgh^® found 

Cdl~ = Cd+-^ + 4I-, X = ca 5 X 10-^ 


17 Euler, H., Ber., 37, 1704 (1904). 

18 Kelley, K. K., and Anderson, C. T., U. S. Bur. Mines Bull., No. 384 
(1935). 

1 ® Bates, R. G., and Vosburgh, W. C., J. Am. Chem. Soc., 60 , 137 (1938)- 
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However, their electromotive force data could also be interpreted 
fairly well on the assumption that the negative ion was Cdl 3 ““. 

The electrolytic reduction of cadmium is best accomplished 
from a solution of the complex cyanide, and this is the basis of 
the quantitative procedure (cf. Treadwell and HalP®). 

Cadmium in the +1 state. From the very meager data regarding 
the chemical properties of Cd 20 and Cd 2 Cl 2 , one concludes that 
the ion Cd 2 '^ is capable of reducing water readily, hence, 

Cd 2 ^ = 2Cd^ + 2c-, > 0.6. 

The value of the Cd—Cd"^"^ couple then fixes that of the Cd—Cd 2 '‘^ 
couple as 

2Cd = Cdg-^ + 2c-, < 0.2. 


Mercury 

The standard state of the element is the metallic liquid. Kel- 
ley^^ has summarized the data on the vapor pressure of liquid 
mercury and selects the following values for the formation of the 
monatomic gas from the liquid: AH®, 14,535 cal.; AF®, 7590 caL; 
AS®, 23,3 cal. per degree. 

Oxidation states. Mercury forms compounds of the double 
mercurous ion, Hg 2 '^, +1 oxidation state, and the mercuric ion, 
Hg^, +2 state. Even at very low concentrations, the aqueous 
mercurous ion appears to be undissociated. 

The mercury-mercurous ion couple, Lewis and Randall give 
for the mercury-mercurous ion couple, 

2Hg - Hg 2 ^ + 2c-, H® = -0.7986. 

Various investigators (cf. Bray and Hershey^^) give values which 
vary by 0.001 volts, depending upon the extrapolation of the 
experimental potentials to infinite dilution. The free energy of 
mercurous ion corresponding to the H® is 36,850 cal. The couple 
is capable of rapidly attaining equilibrium and when used as an 
electrode is readily reversible. 


Treadwell, F. P., and Hall, W. T., Analytical Chemistry (Wiley, 
New York, 1935), 2, 197. 

21 Kelley, K, K., U. S. Bur. Mines Bull., No. 383 (1935). 

22 Bray, W. C., and Hershey, A. V., J. Am. Chem. Soc., 56, 1889 (1934). 
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Although mercurous oxide may be prepared, it is unstable with 
respect to the decomposition into mercury and mercuric oxide. 
However, we may use the third law to calculate an approximate 
value for its free energy. The heat of formation is given by 
Bichowsky and Rossini as —21,600 cal. The entropy of the 
oxide has not been determined, but an estimated value of 32 cal. 
per degree is probably fairly close. Hence the entropy of forma¬ 
tion is —29.5 and the free energy of formation, —12,800 cal. 
The solubility product corresponding to this free energy is 

Hg20 + H 2 O = Hg 2 ^ + 20H-, AF^ - 31,170 cal. 

X = 1.6 X 10-23 

and the potential of the mercury-mercurous oxide couple, 

20H- + 2Hg = Hg20 + H 2 O + 2c-, E% = -0.123. 

Anticipating our value for the free energy of mercuric oxide, the 
fre(^ energy of decomposition of mercurous oxide is 

Hg20 = HgO(red) + Hg, AF^ = -1140 cal. 

The small value of this free energy is in agreement with the fact 
that the decomposition of the solid is not rapid unless it is in 
contact with an alkaline solution. 

The mercury-mercurous halide couples. Randall and Young^® 
give for the mercury-mercurous chloride couple, 

2C1- + 2Hg = HgjClz + 2c- = -0.2676. 

These authors studied the effect of oxygen upon the potential 
and found that in the presence of air the potential is at least a 
millivolt lower. This error applies also to the decinormal and 
normal potassium chloride calomel electrodes which have been 
so widely used as reference couples. Their values for these 
electrodes are: 

DN: in air, —0.3354; absence of air, —0.3341, 

N: in air, —0.2825; absence of air, —0.2812. 

The free energy of formation of mercurous chloride, Hg 2 Cl 2 , 
is —50,310 cal. and the solubility product, 

Hg2Cl2 = Hg2^ + 2C1- if = 1.1 X 

‘ Randall, M., and Young, L. E., J. Am. Chem. Soc., 50, 989 (1928). 
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Ishikawa and Ueda^ report —42,700 caL for the free energy 
of formation of mercurous bromide which is in exact agreement 
with the value selected by Randall.^® 

2 Br- + 2Hg = HgjBra + 26 ", - -0.1397 

The solubility product of the salt is, 

Hg 2 Br 2 = Hg 2 ^ + 2Br- = 5.2 X IQ-^l 

Bates and Vosburgh^® found for the potential of the mercury- 
mercurous iodide couple, 

21- + 2Hg = Hg 2 l 2 + 26-, = 0.0405. 

One then computes for the solubility product, 

Hg 2 l 2 - Hg 2 '^ + 2I-, K = 4.5 X 10-29. 

Our value for the free energy of mercurous iodide then is —26,530 
cal. 

Additional mercury-mercnrous salt couples. Brodsky'-^ has 
determined the solubility product of mercurous carbonate. His 
value and the corresponding potential are: 

CO 3 — + 2Hg = Hg2C03 + 26- E% = -0.32 

Hg2C03 = Hg 2 ++ + CO 3 - K = 9.0 X 10 

The potential of the mercury-mercurous sulfate couple, 

SO 4 — + 2Hg = Hg2S04 + 26- E° = -0.6151 

is given by Harned and Hamer.^® Using our value for the 
Hg—Hg 2 '*"*' couple, the solubility product is, 

Hg2S04 = Hg 2 ++ + SO 4 —, iiC = 6.2 X 10-^ 


Ishikawa, F., and Ueda, Y., Science Rep. Tohoku Imp. Univ., 22, 
249 (1933). 

Randall, M., International Critical Tables, VII, 260. 

2 ® Bates, R. G., and Vosburgh, W. C., J. Am. Chem. Soc., 69, 1189 (1937). 
27 Brodsky, A. E., Z. Elektrochem., 36, 837 (1929). 

** Harned, H. S., and Hamer, W. J., J. Am. Chem. Soc., 67, 31 (1935). 
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Brodsky^® recalculates the work of a number of early investi¬ 
gators to give the following approximate values for the solubility 
products: 




K 

E° 

Hg2Cr04 

2 

X 

io-» 

-0.54 

Hg2C4H40, 

1 

X 

lO-io 

-0.50 

Hg2C204 

1 

X 

10-'’ 

-0.41 

Hg 2 (CH 3 COO )2 

2 

X 

JO-16 

-0.36 

Hg 2 ( 103)2 

1.3 

X 

10-18 

-0.27 

Hg 2 (CNS )2 

3 

X 

10-20 

-0.22 

Hg 2 (CN )2 

5 

X 

10-40 

0.36 

Hg 2 S 



10-46 

0.53 


The corresponding values have been calculated, but they are 
to be considered merely as approximations. 

The mercurous-mercuric couple. Carter and Robinson^® 
measured the potential of the mercurous-mercuric couple in per¬ 
chloric acid against a calomel electrode at 18° C. and reported 
—0,913. Popoff and his co-workers®^ have also measured the 
potential of the couple in perchloric acid, using a hydrogen elec¬ 
trode. They found jE° = —0.905. The extrapolation of the 
measured potentials to infinite dilution would appear to give a 
slightly lower value, and we shall write 

Hg2++ = 2Hg^ -f 2e- E^ = -0.910 

From this value one computes for the free energy of mercuric ion 
39,415 cal., and for the equilibrium between mercury, mercuric, 
and mercurous ions, 

Hg + Hg^ = Hg 2 ^, = -2561 cal. 


K - 81. 


This equilibrium is readily reversible and if the mercuric compound 
of a given ion is much less soluble than the corresponding mer¬ 
curous compound, the latter becomes unstable with respect to the 


Brodsky, A. E., Z. Elektrochem., 35 , 833 (1929). 

Carter, S. R., and Robinson, R., J. Chem. Soc., 267 (1927). 

” Popoff, S., Riddick, J. A., Weith, V. I., and Ough, L. D., J. Am. Chem. 
Soc., 63 , 1195 (1933). 
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decomposition into mercury and the mercuric compound. For 
the mercury-mercuric couple, one calculates, 

Hg = Hg^ + 2e~, = -0.854 

Since the Hg^ to Hg 2 '* ** ^ couple is a stronger oxidizing agent than 
the Hg^ to Hg couple, reducing agents will first reduce mercuric 
ion to mercurous, but as the value for the Hg 2 ^ to Hg couple is 
about the same, excess of the reducing agent will take the mer¬ 
curous ion on down to mercury. It also follows from these 
potentials that fairly powerful oxidizing agents, such as bromine 
water or hot nitric acid, are required to oxidize mercurous ion 
to mercuric. 

The mercury-mercuric oxide couple. Because of the lower 
solubility of mercuric oxide, it is reduced directly to mercury 
without the formation of mercurous oxide as an intermediate step, 
the equilibrium discussed above being reversed in this case. 
Lewis and RandalP^ give 

Hg + 20H- = HgO(r) + H 2 O + 2e-, El = -0.0984. 

Using our values for the free energy of water and hydroxide, 
we find the free energy of the oxide to be —13,940 cal. RandalF 
calculates —13,950 cal. from the data of Taylor and Hulett on the 
dissociation of the oxide into mercury and oxygen. The third 
law value, using AH^ == 21,700 cal. and AS° = —26.4 cal. per 
degree, is —13,820 cal., but there are some uncertainties in both 
of the thermal quantities. The solubility product which cor¬ 
responds to the above potential is, 

HgO + H 2 O = Hg+-^ + 20H-', K = 2.7 X l0-^\ 

Gerke*^ gives —0.0991 for the potential of the couple using the 
yellow form of the oxide. Taylor and Hulett were unable to 
detect a difference in the decomposition pressures of the two 
modifications at high temperatures. Garrett and Hirschler®^ gave 

HgO(r) = HgO(y), Ar = 31 cal. 


*2 Lewis, G. N., and Randall, M., Thermodynamics (McGraw-Hill, 
New York, 1923), p. 434. 

** Randall, M., International Critical Tables, VII, 258. 

Gerke, R. H., Chem. Rev., 1 , 385 (1925). 

Garrett, A. B., and Hirschler, A. E., J. Am. Chem. Soc., 60, 305 (1938). 
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The same authors found for the solubility of the oxide in hydroxide, 
HgO + OH- = HHg02-, = 6145 cal. 

K = 3.15 X 10-^ 

The mercury-mercuric sulfide couple. The third law affords 
the most accurate method of determining the free energy of 
mercuric sulfide, HgS. For the black modification, Bichowsky 
and Rossini give —10,700 cal. as the heat of formation. Using 
A>S as —6.3 cal. per degree, the free energy of formation is —8800 
cal. and the solubility product, 

HgS = Hg-^ + S”-, A' = 3 X 10-“. 

Mercurous sulfide is unstable with respect to its decomposition 
into mercuric sulfide and mercury. 

Hg 2 S = HgS + Hg, AF° = -7800 cal. 

The potential of the mercury-mercuric sulfide couple is, 

S- “ + Hg = HgS + 2c-, = 0.70. 

The potential required to oxidize mercuric sulfide to mercuric ion 
and sulfur is also of interest: 

HgS = S + Hg^ + 2c~, = -1.05. 

The mercuric cyanide and halide complex ions. The data of 
SherrilP® on the cyanide and halide mercuric complex ions are 
given in the following summarization: 

CN- I- Br- Cl- 

2.5 X 10« 1.9 X 4.3 X 9 X 10‘' 

From these data, the following potentials have been calculated: 
4CN- + Hg = Hg(CN) 4 - - + 2c-, E^ = 0.37 

41“ + Hg = Hgl4 + 2c—, = 0.04 

4Br- + Hg = HgBr 4 -- + 2c”, = —0.21 

4C1- + Hg = HgCU-- + 2c-, = -0.38 

Sherrill, M, S., Z. physik. Chem., 43 , 735 (1903); ibid., 47, 103 ( 1004 ). 
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The corresponding free energies of formation of the complex ions 
are: Hg(CN)4“"", 140,400 cal.; HgU , —51,150 cal.; HgBr 4 ""“, 
— 88,400 cal.; and HgClr", —107,850 cal. 

Estimating the entropies of HgChCs), HgBr 2 (s) and HgUCs) 
as 34.5, 39.1, and 41.9, respectively, and using the Bichowsky and 
Rossini heats of formation, we find the free energies of the solid 
halides to be: HgCb, —42,200 cal.; HgBr 2 , —38,800 cal.; and 
HgUCred), —24,000 cal. These values give fairly reasonable 
free energies of solution of the solids in excess of halide ion to form 
the complex ions in the case of Hglr"" and HgBr 4 “"", but the 
data for the HgCl 2 (s) and HgCU” "* do not appear to be compatible. 

It is of interest to know the potential of the reduction of mercuric 
chloride solutions to mercurous chloride, but it is difficult to 
write an equation for the net reaction because of the complex 
nature of the mercuric chloride solution. Sherrill gives for the 
composition of the saturated solution: HgCbCaq), 2.6 X 10"^; 
HgCl+ 2.7 X 10-^; Hg^, 3.5 X lO'^; and HgCb--, 1.6 X 10-^ 
all in moles per liter. Using our free energy of the solid, we shall 
write, 

Ch + ^Hg 2 Cl 2 = HgCl 2 (sat. sol.) + e", = —0.62. 

Additional mercuric couples. There are not sufficient data to 
calculate the free energy of the complex mercuric ammono- 
basic salts. Franklin^’^ found for the reaction, 

HgNH2Cl + NH 4 + + Cl- = Hg(NH3)2Cl, 

that equilibrium was established at 0.49 N ammonium chloride. 
The whole problem of the free energies of these chlorides and other 
salts should be investigated by third law methods. 

Drucker^ gives for the potential of the mercury-mercuric 
iodate couple, 

2103- + Hg = Hg(I03)2(s) + 26- - -0.40. 


Franklin, E. C., J. Am. Chem. Soc., 29, 40 (1907). 

Drucker, C., Messungen elekiromotorischer Krdfte (Verlag Chemie, 
Berlin, 1929), p. 213. 
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Summary of the Subgroup II potentials. For comparisons 
within the group, the potentials relating the metals with the 
ions in acid solution are summarized in the following scheme: 


0 

Zn 


+1 

0.7620 


+2 

Zn++ 


Cd- 


<0.2 


-Cd2++- 

0.402 


>0.6 


-Cd++ 


Hg 


-0.7986 


Hg2++- 

-0.854 


-0.910 


Hg^ 


The change from the electropositive character of zinc to the 
noble metal character of mercury is to be noted. The other 
important relation is the increasing stability of the +1 state with 
respect to its decomposition into the +2 state and the metal. 
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Copper, Silver, and Gold 

The elements of subgroup I have one s electron in the valence 
level but the group of 10 d electrons which has just been filled 
in the outer shell of the kernel is still fairly unstable. For this 
reason it is possible to remove one or two electrons from this 
group in addition to the one s electron. Hence these elements 
form compounds in which the oxidation state is +1, +2, or +3, 
although there is considerable variation in the relative stabilities 
of these various states with the different elements. 

Copper 

The standard state of the element is the solid metal. There is 
a decided lack of agreement among various investigators as to 
the heat and free energy of sublimation of copper to form the 
monatomic gas. However, we shall use the heat given by Bichow- 
sky and Rossini, 81,200 cal.; and this, with the entropy of sublima¬ 
tion, 31.8 cal. per degree, gives 71,700 cal. for the free energy of 
formation of Cu(g). Randall, Nielsen, and West^ presented evi¬ 
dence indicating that the vapor contains an appreciable partial 
pressure of Cu 2 at the boiling point. 

Oxidation states. Copper forms compounds of the +1 state, 
cuprous, and the +2 state, cupric. The existence of the +3 
oxidation state is shown by the formation of salts of the acid 
oxide, CU 2 O 8 , but it and the +3 ion are such powerful oxidizing 
agents that they are very unstable in water solution. 

The copper-cuprous couple. Fenwick^ has made a careful 
study of the equilibrium between copper, and cupric and cuprous 
ions and computes, 

Cu = Cu+ + 6", - -0.522 


^ Randall, M., Nielsen, R. F., and West, G, H., Ind. Eng. Chem., 23, 
388 (1931). 

* Fenwick, F., J. Am. Chem. Soc., 48, 860 (1926) 
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The corresponding free energy of cuprous ion is 12,040 cal. She 
gives for the equilibrium 

Cu + Cu++ = 2Cu+, X = 1.0 X 10“^ 

However, in the presence of ions or molecules which form very 
stable complex ions with cuprous, this equilibrium is shifted far 
to the right. 

The copper-cuprous oxide couple. The data on the free 
energy of cuprous oxide have been summarized by Randall, 
Nielsen, and West.® They chose —34,990 cal. from a study of 
nine different determinations. Taking into account our different 
value for the free energy of water and other auxiliary data which 
enter into the calculations, we shall take —35,150 cal. for the 
CU 2 O free energy. Hence, 

20H- 4- 2Cu = CU 2 O + H 2 O + 2e“, = 0.361. 

The corresponding solubility product of cuprous oxide is 
§Cu20 + iH20 = Cu+ + OH-, A = 1.2 X 10~^^ 

The copper-cuprous halide couples. Nielsen and Brown^ 
measured the potential of the Cu—CuCl couple against hydrogen 
and the CuCl—Cu"^ couple against chlorine. From the former, 
one computes —28,345 cal. and from the latter —28,718 cal. for 
the free energy of cuprous chloride. Watanabe® calculates from 
equilibrium measurements —28,490 cal.; and, since this value is 
a good mean of the other values, it will be adopted. 

Cl- + Cu = CuCl + e- = -0.124 

CuCl = Cu+ + C1-, if = 1.85 X 10-7 

For the free energies of cuprous bromide and iodide, Ishikawa, 
Yamazaki, and Murooka® report —23,812 and —16,658 cal., 
respectively. Small corrections for the auxiliary data employed 


* Randall, M., Nielsen, R. F., and West, G. H., Ind. Eng. Chem., 23, 
388 (1931). 

^ Nielsen, R. F., and Brown, D. J., J. Am. Chem. Soc., 60, 9 (1928). 

® Watanabe, M., Science Rep. Tohoku Imp. Univ., 23,115 (1934). 

® Ishikawa, F., Yamazaki, S., and Murooka, T., Science Rep. Tohoku 
Imp. Univ., 23, 115 (1934). 
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in their calculations should be made, but since they are probably 
witl^n the experimental errors, these values will be used. 

Rr" + Cu = CuBr + e~, 

CuBr = Cu+ + Br-, 


D + Cu = Cul + e“, 

Cul = ("u+ + I“, 

Noyes and C'how^ reported, 

CuCl + Cl- = CuClj-, 

Using our value for the .solubility product, 
CuCb- = Cu+ + 2C1-, 


E° = -0.033 
X = 5.3 X 10-* 
E° - 0.187 
K = 1.1 X 10-'- 

K = 6.5 X 10-*. 

A' = 2.9 X 10-». 


From the work of Bodlander and Storbeck® 

CuBr + Br- = CuBrr, A = 4.6 X 10-® 

Cul + I- = CuL-, A = 7.8 X lO-" 

and again combining with our values for the solubility products, 


CuBrj- = Cu+ + 2Br-, A = 1.2 X 10-' 

Cuir = Cu+ + 21- A = 1.4 X 10-*. 


The corresponding free energies are: CuClj-, —58,300 cal.; 
CuBrj-, —45,000 cal.; and CuL”, —24,600 cal.; but high accuracy 
cannot be claimed for these values. The potentials of the copper- 
cuprous complex ion couples are: 

2C1- -f Cu = CuCh- -f e- A° = -0.19 

2Br- -f Cu = CuBrr + e', E° = -0.05 

21- -t- Cu = Culj- + e-, E° = 0.00 

Because of this complex ion formation, these E° values and not 
the A® values for the solid salts are significant in solutions con¬ 
taining the halide ion in excess. 


’ Noyes, A. A., and Chow, M., J. Am. Chem. Soc., 40, 739 (1918), 

• Bodl&nder, G., and Storbeck, O., Z. anorg. Chem., 31, 458 (1902). 
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The copper-cuprous cyanide and thiocyanate couples. There 
appears to be no reliable data on the potentials of cuprous cyanide 
and thiocyanate. The following values are estimated from the 
work of Spitzer® on cuprous cyanide and of Immerwahr^® on 
cuprous thiocyanate: 


Cu(CN)o- = Cu^- + 2CN 
CuCNS = Cu+ + CNS -, 
The approximate potentials are: 
2 CN- + Cu = Cu(CN) 2 - + 6 ', 
CNS~ + Cu = CuCNS + C-, 


K == 1 X 
K == 4 X 10-1^ 


= ca 0.43 
= ca 0.27 


No value of the (‘onstant for the complex thiocyanate ion can 
be given. 

Copper-cuprous sulfide and other cuprous couples. From the 
Bichowsky and Rossini heat of formation, —18,970 cal., and the 
entropy of formation, 5.3 cal. per degree, the free energy of 
formation of cuprous sulfide (a form), is found to be —20,550 cal. 
Randall, Nielsen, and West^^ give —19,955, and we shall use 
- 20 , 200 . 

S“ + 2Cu = CuaS + 2e-, E% = 0.95 

The cuprous sulfide is stable with respect to its decomposition 
into copper and cupric sulfide, 

CuaS = CuS + Cu, = 8445 cal. 

However, cupric sulfide is stable with respect to its decompo¬ 
sition into sulfur and cuprous sulfide, 

2CuS = CusS + S, = 3310 cal. 

For the solubility product of cuprous sulfide one calculates 

CU 2 S = 2Cu+ + S--, K - 2.5 X 10-^ 

The cuprous ion forms complexes with thiosulfate, probably 
00 ( 8203)2 , but data are not available for the evaluation of 

this free energy. 


• Spitzer, F., Z. Elektrochem., 11, 345 (1905). 

Immerwahr, C., Z. anorg. Chem., 24,269 (1900). 

“ Randall, M., Nielsen, R. F., and West, G. H., Ind. Eng. Chem., 23, 
388 (1931). 
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Bjerrum** has made an extensive study of cuprous and cupric 
ammonia complex ions. His work was at 18“ C., and one cannot 
convert his results to 25° with accuracy. Bjernim gave, 

Cu(NH,),+ = Cu(NH,)+ + NH„ = 1.16 X 10-‘ 

Cu(NH.,)*+ = Cu+ + 2NH,, K = 1.35 X lO"" 

He found 0.1080 for the E° potential of the Cu—Cu(NH8)j+ 
couple. We shall write, 

2NHs + Cu = Cu(NH3 )2^ + e-, £° = 0.11 

The copper-cupric ion couple. Lewis and Randall*’ give for 
the potential of the copper-cupric ion couple 

Cu = Cu-*-*- -f- 2e-, E° = -0.3448, 

and for the free energy of the ion, 15,910 cal. Reducing agents 
in acid solution reduce cupric ion to copper unless there is present 
a substance which forms a very stable compound with cuprous 
ion, for example, metallic iron precipitates copper from copper 
sulfate, but iodide ion forms Cul(s) or CuL". 

The copper-cupric oxide or hydroxide couple. For the free 
energy of cupric oxide, Randall, Nielsen, and West select —30,300 
cal. from the results of a number of investigations. Making 
some allowance for our new values for the free energy of water 
which enters into many of the calculations, we will take — 30,400 
cal. These authors calculate from the work of Allmand, 

CujO + 3HsO = 2 Cu(OH)2 + H*, AF° = 34,344 cal. 

This would make the free energy of the hydroxide —85,430 cal. 
Allmand calculated the solubility product of the hydroxide to be 
1.0 X 10“** which would give —85,168 as the free energy. From 
the Bichowsky and Rossini heat of formation of the blue solid, 
— 106,700 cal., and the entropy of formation, —69.7 cal. per 
degree (assuming the entropy of Cu(OH)8 is 18.5), we find the 

“ Bjerrum, J., Kgl. Danske Videnskab. Selskab. Math-fys., 13, No. 16 
(1934). 

“Lewis, G. N., and Randall, M., Thermodynamics (McGraw-Hill, 
New York, 1923), p. 433. 

»* Randall, M., Nielsen, R. F., and West, G. H., Ind. Eng. Chem., 28, 
388 (1931). 
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free energy of formation to be —85,900 cal. We shall use —85,500 
for this value, and make the following calculations: 

20H- + Cu = CuO + H 2 O + 2e-, El = 0.258 

20H- + Cu = Cu(OH)j + 2 e-, El = 0.224 

CuO + H 2 O = Cu(OH) 2 , = 1590 

Cu(OH )2 = Cu++ + 20H-, K = 5.GX lO"*® 

CusO = CuO + Cu, AF® = 4750 

From the last equation it appears that cuprous oxide is stable 
with respect to its decomposition into cupric oxide and copper. 

McDowell and Johnston*® have given the following constants 
for cupric oxide in alkaline solutions: 

CuO + OH- = HCuOa-, X = 1.03 X IQ-® 

CuO + 20H- = CuOr- + H 2 O, if = 8.1 X 10-® 

HCuOs- = H+ + CuOj--, K = 7.9 X 10->® 

The corresponding free energies of formation are HCuOs", —61,325 
cal. and CuOo , —43,310 cal. For the solubility of the hydrox¬ 
ide in alkali we compute, 

Cu(OH )2 + 20H- = 2 H 2 O + CuOj--, K = 1.2 X 10 "® 

The copper-cupric sulfide couple. Randall, Nielsen, and West 
calculate from the third law that the free energy of cupric sulfide 
is —11,557 cal. and we shall use their value. 

S— -b Cu = CuS + 2 e-, El = 0.76 

CuS = Cu++ + S + 2 c-, E° = -0.60 

CuS = Cu++ + S—, if = 4 X 10-“ 

Other copper-cupric couples. Haehnel*® reports, at 18° C., 

CuCOs = Cu++ + CO 3 — , K = 1.37 X 10-‘» 

From this the free energy of copper carbonate is —123,930 cal. 
and 

CO 3 — -b Cu = CuCO, -b 2e-, El = -0.053. 

“ McDowell, L. A., and Johnston, H. L., J. Am. Chem. Soc., 68, 2009 
(1936). 

«• Haehnel, O., J. prakt. Chem., 108,189 (1924). 
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The concentration of cupric ion in equilibrium with the various 
basic carbonates is certainly very much less than that for the 
normal carbonate. 

The solubility product of copper iodate appears to be 1.3 X 10“'', 
from the work of Spencer,*' by e.m.f. measurements in which the 
concentrations and not the activities were used to evaluate the 
constant. 

Jellinek and Gordon*® give the concentration of Cu++ in equi¬ 
librium with the complex tartrate ion (10“® M) and IM OH“ 
as 10“*®. They write 


(Cu++)' (Tart.)' _ 

(Complex) (H+)® ’ 

but there appears to be some uncertainty regarding the formula 
of the complex ion. 

For the dissociation constants of the cupric ammonia complex 
ions, Bjerrum** reports, at 18" C., 

Cu(NH3)6++ = Cu(NH 3)4-^ + NHj, K = 2.8 

Cu(NH,) 4^-^ = Cu^ -f 4 NH 3 , K = 4.56 X 10“**. 


As an approximation for 25" we shall write, 

4NH, -f- Cu = Cu(NH 3)4++ + 2e-, £" = 0.05. 

Various cuprous-cupric couples. From the data given above 
one may calculate the potentials of many couples relating copper 
in the -t-1 and -j-2 oxidation states. 


Cu+ = Cu++ -1- e-, E° 

H 2 O + 20H“ -f- CujO = 2 Cu(OH)2 ■+■ 2 e-, E% 
CuCl = Cu^-^ + Cl- -t- e-, E° 
CuBr = Cu++ + Br“ 6“, E" 
Cul = Cu++ + I- + e“, BT 
CuL- = Cu++ + 21- + e“, E° 


-0.167 

0.087 

-0.566 

-0.657 

-0.877 

-0.690 


” Cf. Auerbach, F., Z. physik. Chem., 86, 243 (1914). 

“ Jellinek, K., and Gordon, H., Z. physik. Chem., 112, 207 (1924). 

** Bjerrum, J., Kgl. Danske Videnskab. Selskab. Math-fys., 12, No. 15 
(1934). 
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Cu(CN) 2- = Cu-^ + 2CN- + 6-, 

El = ca -1.12 

CuCNS = Cu^ + 2CNS- + e", 

El = ca —0.96 

2NH8 + Cu(NH3)2^ = Cu(NH 3)4^ + c", El = 0.0 

S“ + CuzS - 2CuS + 2e-, El = 0.58 

It follows from these potentials that, in each of the couples 
given in this list except the first one, cupric copper will be reduced 
to the cuprous state and not to copper by the addition of a small 
amount of a suitable reducing agent. 

Copper in the +3 state. Hypochlorite in alkaline solution 
dissolves cupric hydroxide apparently with the formation of 
Cu02~. The sesquioxide has not been prepared, but the slightly 
soluble calcium salt may be precipitated. In acid solution, 
oxygen is rapidly evolved. From these facts, 

Cu(OH) 2 = CuOa" + H 2 O + e-, El < -0.8 

Cu'^^ = Cu'^ + 6- E^ < -1.8 

Silver 

The standard state of the element is the solid metal. Van 
LiempP has reviewed the data on the vapor pressure of silver. 
From the heat of sublimation, 68,000 cal., and the entropy of 
sublimation, 31.1 cal. per degree, the free energy of sublimation 
is found to be 58,700 cal. 

The oxidation states of silver. Although the ions of +2 and 
+3 silver are known, they are such powerful oxidizing agents 
that they are unstable in water solutions with respect to their 
reduction by the water. The +1 silver ion forms many slightly 
soluble compounds and slightly ionized complex ions. For most 
of these, data are available for the evaluation of their free energies. 

The silver-silver ion couple. The value of Lewis and Randall 
for the silver-silver ion couple will be used. 

Ag = Ag^ + e-, E^ = ~ 0.7995 


Van Liempt, J. A. M., Z. anorg. allgem. Chem., 114, 105 (1920). 
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The free energy of formation of silver ion then is 18,441 cal. The 
couple is capable of attaining raj)id reversible equilibrium, and 
makes an excellent electrode for e.m.f. measurements. Silver is 
readily precipitated by cathodic reduction and the silver coulom- 
eter is one of the most accurate instruments for the measurement 
of the quantity of electricity flowing in a circuit. 

The silver-silver oxide couple. Pitzer and Smith^^ have 
determined the entropy of silver oxide and summarized the data 
pertaining to its free energy of formation. From their work, 
this value will be taken to be —2590 cal. 


20H“ + 2Ag = Ag 20 + H 2 O + 2e~, 

El = -0.344 

iAg20 + 5 H 2 O = Ag^" + OH~, 

A = 2.0 X 10-« 

The silver halide and cyanide couples. The following cal¬ 
culations are based on the work of Randall and Young,^^ Randall 
and Halford,^® and Harned and Ehlers 

Cl- + Ag = AgCl + e-, 

E° = -0.2222 

AgCl = Ag+ + C 1 -, 

A = 1.7 X lO-'o 

Br- + Ag = AgBr + e~, 

E° = -0.073 

AgBr = Ag*- + Br- 

K = 3.3 X 10-» 

I- + Ag = Agl(ppt.) + e-, 

E° = 0.151 

Agl(ppt.) = Ag-*- + I-, 

A' = 8.5 X 10 -*’' 

Agl(ppt.) = Agl(hexag.), 

AF° = -531 cal. 

CN- + Ag = AgCIN + e-, 

El = 0.04 

AgCN = Ag+ + CN-, 

A = 7.0 X lO-'s 

^CN- + Ag = Ag(CN) 2 - + e-, 

El = 0.29 

Ag(CN) 2 - = Ag+ + 2 CN-, 

A = 3.8 X 10 '“ 

CNS- + Ag = AgCNS + e-, 

El = -0.09 

AgCNS = Ag+ + CNS-, 

A = 1.0 X 10-'2 


Pitzer, K. S., and Smith, W. V., J. Am. Chem. Soc., 69, 2633 (1938). 

2* Randall, M., and Young, L. E., J. Am. Chem. Soc., 60, 989 (1928). 

“ Randall, M., and Halford, J O., J. Am. Chem. Soc., 62, 178 (1930). ^ 
Harned, H. S., and Ehlers, R. W., J. Am. Chem. Soc., 66, 2179 (1933) 
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The corresponding free energies of formation are: AgCl, —26,220 
cal.; AgBr, —22,900 cal.; Agl(ppt.), —15,810 cal.; AgCN, 38,500 
cal.; and Ag(CN) 2 “, 72,050 cal. Silver ion also forms complex 
ions with excess bromide, iodide, and thiocyanate; but Randall 
and Halford conclude that there are a number of types of complex 
ions present and that it is at present impossible to calculate the 
various equilibrium constants (cf. Bodlander and Fittig^^ who 
gave — 0.12 for the Ag—Ag(CNS )4 couple). 

The complex silver ammonia, sulfite, and thiosulfate ions. 
From the calculations of RandalP^ the dissociation constants and 
potentials of the following complex ions may be given: 

Ag(NH 3 ) 2 ^ = Ag^ + 2 NH 3 (aq), K = 6.0 X lO-® 

2 NH 3 (aq) + Ag = Ag(NH 3 ) 2 + + = -0.373 

Ag(S203)2— = Ag^ + 2 S 2 O 3 —, Z = 4.2 X 10-1^ 

2 S 2 O 3 + Ag = Ag(S203)2 + c~, == —0.01 

Ag(S 03 ) 2 —" = Ag+ + 2 SO 3 —, X = 3.0 X 10 -» 

2 SO 3 — + Ag = Ag(S03)2“ " + 6 -, E^ = -0.30 

For the free energies of the ions one computes: Ag(NH 3 ) 2 ‘^, 
— 4060 cal.; Ag(S 203)2 , —248,000 cal.; and Ag(S 03)2 , 

-226,000 cal. 

The silver-silver sulfide couple. Noyes and Freed^^ measured 
the equilibrium between silver iodide and silver sulfide. From 
their value for this reaction we calculate —9425 cal. for the 
free energy of formation of silver sulfide. They also made e.m.f. 
measurements upon the silver-silver sulfide electrode and these 
results led to —9558 cal. Kimura^® reports —9542. The 
third-law value, using the Bichowsky and Rossini heat of forma¬ 
tion, is —7600 cal. but this would become —9000 if Thomsen^s 
determination of the heat were used. We shall select —9500 cal. 

S— + 2Ag = AgaS + 2e", E^ = 0.71 

AgzS = 2Ag^- + S—, Z = 1.0 X 10-^^ 

AgzS = 2Ag+ + S + 2e-, = -1.04 

“ Bodlander, G., and Fittig, R., Z. physik. Chem., 39, 597 (1902). 

Cf. Randall, M., International Critical Tables, VII, 267. 

Noyes, A. A., and Freed, E. S., J. Am. Chem. Soc., 42, 476 (1920). 
Kimura, G., Bull. Inst. Phys. Chem. Res. Tokyo, 13, 464 (1934). 
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Additional silver-silver salt potentials. From the tabulation 
by RandalP* we may write: 

AgNOj = Ag+ + NOr, K = 2.4 X lO-* 

NOj- -b Ag = AgNOj - 1 - e-, E° = -0.59 

AF°(formation) AgNOa = 4960 cal. 

AgBrOa = Ag^- + BrOa-, K = 5.20 X 10-* 

BrOa- + Ag = AgBrOa + e-, E° = -0.55 

Agio, = Ag+ + lOs", A = 5.3 X 10-8 

IO 3 - + Ag = AglOa -b C-, E° = -0.37 

AF°(formation) AglOa = —24,080 cal. 

Walker, Bray, and Johnston^® studied the silver-silver carbonate 
electrode. From their work 

AgaCOa = 2Ag+ -b COa"-, K = 8.2 X 10-« 

CO 3 — -b 2 Ag = AgaCOa -b 2 e-, E% = -0.47 

AF"(formation) AgaCOa = —104,600 cal. 

From the Hass and Jellinek’* value for the solubility product of 
silver oxalate, 

AgaCaOi = 2Ag+ -b CaOr-, X = 1.1 X 10 -i‘ 

CaOr- + 2Ag = AgaCaOi -b 2e-, E° = -0.47 

The following values for silver cyanate are from the data by 
Birckenbach and Huttner:’* 

AgCNO = Ag^ -b CNO-, K = 2.3 X 10 -" 

CNO- -b Ag = AgCNO -b e-, E° = -0.41 

•• Cf. Randall, M., International Critical Table?, VII, 271. 

‘“Walker, A. C., Bray, U. B., and Johnstoii, J., J. Am. Chem. Soc., 
49, 1256 (1927). 

” Hass, K., and Jellinek, K., Z. physik. Chem., 162, 157 (1932). 
Birckenbach, L., and Huttner, K., Z. anorg. allgem. Chem., 190, 26 
(1930). 
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Cann and Mueller,®^ studied the potential of the Ag—Ag 2 Cr 04 
couple and reviewed the literature on silver chromate. We shall 
use their values, 

CrOr- + 2Ag - Ag2Cr04 + 2e- = -0.446 

AgoCrO-i = 2Ag+- + Cr04—, K = 1.1 X IQ-^^ 

The following data were given by Pearce and Ough,^^ 

Fe(CN)6 + 4Ag = Ag4Fe(CN)6 + 4e“, = —0.194 

Ag4Fe(CN)6 = 4Ag^ + re(CN)6-, 

A' = 1.55 X 10-^1 

For the Ag“- AgNa couple, Taylor and Niins®^ reported, 

HNa + Ag - AgNa + ID + c~, = -0.292 

These authors gave the solubility of AgNa as 5.1 X 10~^ M. 

Latimer, Hicks, and Schutz’*^® computed 6722 cal. for the free 
energy of solution of silver sulfate. Hence, 

Ag2S04 = 2Ag-" + SO 4 -", K = 1.18 X 10-5 

SO 4 -- + 2 Ag = Ag2S04 + 2e-, = -0.653 

AF®(formation) Ag 2 S 04 = —145,940 cal. 

The values listed below are from the solubility products by 
Britton and German 

Ag2Mo04 == 2Ag+ + Mo04“”, a = 3.1 X 10-“ 

M 0 O 4 + 2Ag = Ag 2 Mo 04 + 2e~f E° = —0.49 

Ag2W04 = 2Ag+ + WO 4 —, A = 5.2 X 10-i« 

WO 4 — + 2Ag = Ag2W04 + 2e-, A° = -0.53 

” Cann, J. Y., and Mueller, G. B., J. Am. Chern. Soc., 57, 2525 (1935). 
Pearce, J. N., and Ough, L. D., J. Am. Chem. Soc., 60, 80 (1938). 
Taylor, A. C., and Nims, L. F., J. Am. Chem. Soc., 60, 262 (1938). 
Latimer, W. M., Hicks, J. F. G., Jr., and Schutz, P. W., J. Chem. 
Phys., 1,424 (1933). 

Britton, H. T. S., and German, W. L., J. Chem. Soc., 1159 (1934). 
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The following values are derived from the tabulation by 
Drucker:^® 

AgC2H302 == Ag+ + C2H302~, K = 1.9 X 10"® 

C 2 H 802 '- + Ag = AgCsHaOi + e", - -0.64 

Silver in the +2 and +3 oxidation states. Noyes and his co- 

workers®® studied the Ag+—A^ couple in HNO 3 and HCIO 4 . 
With acid molalities of 4, they found E = —1.927 in HNO 3 
and E == —1.970 in HCIO 4 . The difference obviously arises 
from complex nitrate formation. The E° involves the extrapola¬ 
tion to zero ionic strength, which cannot be made at present. 
We shall write: 

Ag+ = Ag++ + e~, E"" = —1.98 

These investigators, having prepared Ag"^‘ solutions by the 
action of ozone upon Ag+, present convincing evidence to show 
that the mechanism of the reaction involved tlie following steps: 

Ag+ + 03 = AgO-^ + O 2 

AgO+ + 2H+ + Ag^ = 2 Ag^ + H 2 O 

The last reaction reaches equilibrium with the ratio of Ag+ VAgO"^ 
quite large. Assuming that AF° for this second reaction is 
approximately —5000 cah, one calculates 

H 2 O + Ag-H- = AgO+ + 2H+ + c", E^ = ca - 2.1 

H 2 O + Ag+ = AgO+ + 2H+ + 2c-, E^ - ca - 2.0 

The potential of the Ag^—AgO* couple could hardly be much 
greater negatively than 2.2 and permit the formation of AgO"^ 
from ozone which has a potential of —2.07. This potential can¬ 
not be much less and still keep the ratio of Ag'^'^/AgO"^ high. 
The Ag++ ion appears to be a rapid oxidizing agent, and the 
catalytic action of silver ion upon the rate of oxidation by peroxy- 
sulfate is certainly connected with the formation of these higher 

Drucker, C., Messungcn clcklromotorischer Krdfle (Verlag Chemio, 
Berlin, 1929), p. 212. 

Noyes, A. A., DeVault, D., Coryell, C. D., and Deahl, T. J., J. Am. 
Chem. Soc., 69, 1326 (1937). Corrected for new 7 value of HCIO4 by 
DeVault (unpublished). 
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oxidation states of silver. In agreement with the potentials the 
free energy of formation of Ag++ is 63,150 cal. 

Luther and Pokorny^® measured the potential of AgO and 
Ag203 in alkaline solution and their results have been confirmed 
by a number of workers (cf. Jirsa and Jelinek'^O- 

20H- + AgzO = 2AgO + H 2 O + 2c" E% = -0.57 

20H- + 2AgO = Ag203 + H 2 O + 2c-, E% = -0.74 

The corresponding free energies of formation are: AgO, 2600 cal., 
and Ag203, 10,500 cal. However, it has not been definitely 
established that the Ag203 in the cell measurements is a pure 
substance. 

Table 27 

E° VALUES FOR COMPOUNDS OF Ag+ IN ORDER 
OF DECREASING CONCENTRATIONS OF Ag+ 


Substance 


Substance 


Ag+ 

-0.7995 

AglOs 

-0.37 

AgC2Ha02 

-0.6^4 

AgzO 

-0.344 

Ag2S04 

-0.65 

Ag(S03)2 

-0.30 

AgN02 

-0.59 

AgCl 

-0.222 

Ag^BrOa 

-0.55 

Ag,Fe(CN), 

-0.19 

Ag2W04 

-0.53 

AgCNS 

-0.09 

Ag2Mo04 

-0.49 

AgBr 

-0.073 

Ag2C03 

-0.47 

Ag (8203)2 

-0.01 

Ag2C204 

-0.47 

AgCN 

0.04 

Ag2Cr04 

-0.45 

Agl 

0.150 

AgCNO 

-0.41 

Ag(CN)2- 

0.29 

Ag(NH3)2-^ 

-0.37 

AgzS 

0.71 


For convenience in comparing the stability of the silver com¬ 
pounds, the values for the metal to +1 silver have been sum¬ 
marized in Table 27. For the slightly soluble compounds the 
order is that of decreasing solubility in a one molal solution of 
the ion, but for two salts of the types Ag2X and AgY this is not 
necessarily the order of their solubilities in pure water because 
of the (Ag+)2 factor in the first type. 

Gold 

The standard state of the element is the solid metal. Ruff and 
BergdahP^ have reviewed the data on the vapor pressure at high 

Luther, R., and Pokorny, F., Z. anorg. Chem., 67, 291 (1908). 

Jirsa, F., and Jelinek, J., Z. anorg. allgem. Chem., 168,61 (1926). 

^ Ruff, O., and Bergdahl, B., Z. anorg. allgem. Chem., 106, 76 (1919). 
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temperatures. From the Bichowsky and Rossini heat of sub¬ 
limation, 92 kcal., and the entropy of sublimation, 31.7 cal. per 
degree, the free energy of sublimation is found to be 82.5 kcal. 

Oxidation states. Auric ion, Au+^, is the only simple ion 
which is stable in water solutions at appreciable concentrations. 
However, a number of complex ions of the aurous state, Au*^, 
exist and the very insoluble +2 sulfide, AuS, is stable; but all 
other compounds of this state are decomposed by water. 

Gold-auric couples. The free energy of formation of auric 
oxide appears to be accurately established. The investigations 
both of Gerke and Rourke^* and of Buehrer and Roseveare^'* 
are in accord and give 

3 H 2 + AU 2 O 3 = 2Au + 3 H 2 O, = 1.363 

The free energy of the oxide then is 18,710 cal. 

These e.m.f. measurements were made in acid solution and 
Jirsa and Jelinek'^^ have measured the solubility of the hydroxide 
in nitric acid. Since both the oxide and hydroxide are fairly 
soluble in acid, it seems most probable that the solid phase 
Au 20 j-nH 20 at equilibrium was the same in both investigations. 
The reported solubility was 3 X 10“^ moles of gold in 0.45 molal 
nitric acid at 21° C. Using 0.73 as the activity coefficient of the 
acid, 

iAu203 + iHaO = Au-^-^ + 30H-, K = S.5 X lO'^'^ 

One then computes for the Au—Au"^ couple, 

Au=Au^ + 3c-, - -1.42 

The corresponding free energy of the ion is 98,200 cal. 

The oxide is quHe soluble in OH“ to form aurate, Au02“, but 
there are no data on the free energy of this reaction. From a 
rough approximation of the solubility we estimate, 

40H- + Au = AuOs" + 2 H 2 O + 3e-, E% - ca -0.5 


Gerke, R. H., and Rourke, M. D., J. Am. Chem. Soc., 49, 1855 (1927). 
** Buehrer, T. F., and Roseveare, W. E., J. Am. Chem. Soc., 49, 1989 
(1927). 

** Jirsa, F., and Jelinek, J. Z. Elektrochem., 30, 286 and 535 (1924). 
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Bjerrum and Kirschner^® have measured the potential of the 
gold-auric complex chloride couple at 18° C. 

4C1- + Au == AuCU- + 3e-, == ~1.00 

AuClr == Au-^ + 4C1-, iC - 5 X 10-^ 

AF°(formation) AuCL” = —56,200 cal. 

For the potential of the corresponding bromide complex, Grube 
and Morita^^ report, at 60° C., 

4Br- + Au = AuBr 4 - + Sc", F° = -0.87 

The value at 25° C. probably does not differ by more than 0.02 
volts. 

Iodide reduces AiiCU" to Aul and the cyanide complex ion 
Au(CN) 4 " is unstable upon warming with respect to Au(CN) 2 ~" 
and cyanogen. Bjerrum and Kirschner give the K for Au(CNS) 4 ~ 
as 3 X, 10-3^ 

The gold-aurous couples. Aurous ion is unstable with respect 
to its decomposition into gold and auric ion and the ratio 
Au’^'/Au'^ is so small that no accurate measurement has been 
made of the concentration of aurous ion in any solution. For 
this reason no direct experimental value can be given for the 
Au—Au"^ couple. However we may make some calculations 
which will give us an approximate figure for the potential. 

The heat of formation of aurous iodide as given by Fischer 
and Biltz,^® 200 cal., is in excellent accord with the older value by 
Thomsen of 300 cal. The entropy of aurous iodide is not known 
but a value of 28.5 cal. per degree given by the equation of Lati- 
mer^^ is probably accurate to at least one entropy unit. Hence 
A>S° of formation is 3.2 and AF°, —760 cal. 

1“ -f Au = Aul + e"", E° = —0.50 

The error in this potential is probably not more than 0.02 volts. 
A knowledge of the solubility product of aurous iodide would 
permit a calculation of the Au—Au*^ couple. The solubility 
products for Cul and Agl are about 10“^^ and 10”^®, respectively, 

** Bjerrum, N., and Kirschner, A., Kgl. Danske Videnskab. Selskab. 
Math-fys., V, No. 1 (1918). 

Grube, G., and Morita, T., Z. Elektrochem., 38, 117 (1932). 

** Fischer, W., and Biltz, W., Z. anorg. allgem. Chem,, 176, 81 (1928). 

Latimer, W. M., J. Am. Chem. Soc., 43, 818 (1921). 
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and an extrapolation of these values together with the general 
trend of halide solubilities in this region of the periodic system 
would place the solubility product of Aul about 10 "^^. The use 
of this figure would give 

Au = Au"*" + e~j E° = ca —1.68 

Au+ = Au-^ + 2e-, = ca -1.29 

3Au+ = Au+++ + 2Au, K = ca 1 X 10« 
AF®(formation) Au’^ = ca 38,700 cal. 

Aurous oxide, AU 2 O, is sufficiently soluble so that it is unstable, 
in contact with water, with respect to the decomposition into the 
metal and AU 2 O 3 . 

Bodlander^® gave 

2CN- + Au = Au(CN) 2 - + e- F® = 0.60 

This potential is remarkably high and leads to a value of the 
dissociation constant of the complex ion, 

Au(CN) 2 - = Au+ + 2CN- K = ca5 X 10“*® 

As indicated by the potential, gold, in the presence of cyanide, 
is a powerful reducing agent and is very readily oxidized by 
oxygen. This reaction is the basis of the cyanide process for the 
extraction of gold from low grade ores. 

Bjerrum and Kirschner*^ have studied the thiocyanate complex 
ions Au(CNS) 2 “ and Au(CNS) 4 "~. At 18® C. they found 

2CNS" + Au - Au(CNS) 2 -~ + e“, F® = -0.69 

2CNS- + Au(CNS)2- = Au(CNS) 4- + 2e-, F® = -0.645 
From these potentials it is obvious that Au(CNS) 2 “ is unstable, 
3 Au(CNS) 2- = 2Au + Au(CNS) 4 “ + 2CNS-, 

F = 33 

However, they also found, 

Au(CNS)4“ = Au(CNS)2- + (CNS)2, 

K = 0.49 X 10-^ 

Grube and Morita®^ gave for 60® C. 

wBodlander, G., Ber., 36, 3933 (1903). 

Bjerrum, N., and Kirschner, A., Kgl. Danske Videnskab. Selskab 
Math-fy8.,V, No. 1 (1918). 

“Grube, G., and Morita, T., Z. Elektrochem., 38, 117 (1932). 
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2Br“ + Au = AuBr 2 “ + e“, E° = —0.96 

and combining with their potential for Au—AuBr 4 ~ 

2Br“ + AuBr 2 - = AuBr 4 “" + 2c~, = —0.82. 

It follows that AiiBr 2 ~ is unstable with respect to the decompo¬ 
sition into Au and AuBr 4 ". 

Claims are made for the formation of aurous sulfide, AU 2 S, 
and also the thio acid ion, AuS“, but nothing is known regarding 
their free energies. 

Gold in the -f-2 oxidation state A number of compounds of 
-f2 gold have been prepared, as for example AuCL, at high 
temperatures, but the only one stable in contact with water 
appears to be the sulfide. This is doubtless because of its very 
slight solubility, for although the solubility product is unknown, 
one would judge from mercuric sulfide that it must be very small. 
The sulfide is formed by the action of hydrogen sulfide upon auric 
chloride and is soluble in polysulfide to form thioaurates, but no 
energy values can be given for those reactions. From our ap¬ 
proximate value for the Au"^—Au"*^ couple and the knowledge 
that Au*^ must oxidize and reduce itself to give Au*^ and Au'^, 
one can set the limits, 

Au-H- = Au-^ + e- > -1.29 

Au+ = Au-^+ + C-, E^ < -1.29 

but no estimate can be given of the concentration of Au"^ present 
in the Au"*"—Au"^ equilibrium. 

Summary of Subgroup I potentials. For comparison, the 
potentials relating the oxidation states of the three elements of 
the group are summarized in the following scheme: 


0 

Cu- 


-0.522 


+ 1 +2 

-0,167 


—Cu+^ 
-0.345 


Cu-^ 


< - 1.8 


+3 

-CuO+ 


. -0.7995 -1.91 

Ag-Ag^-Ag^- 

, ca -1.68 , ^ < -1.29 , 

Au-Au"^-Au'^- 


ca —2.1 


> -1.29 


-AgO 

-Au+^ 


ca —1.29 


-1.42 



CHAPTER XII 


Nickel, Palladium, and Platinum 

Each element of this group marks the end of a so-called “transi¬ 
tion series” in which 10 d electrons have been added to the pre¬ 
ceding noble gas. However, the groups of d electrons are not yet 
fully stabilized, and even in the monatomic gas molecules, the 
state has just about the same energy as the state, that is, 
one of the electrons may be present in the next higher s level. 
Because of this instability, a number of electrons may be removed 
by chemical oxidation; hence the group has oxidation numbers 
ranging at least as high as -1-6. The more important oxidation 
states are -(-2 and -f-4, but there is considerable variation in the 
relative stabilities of the various states with the different elements. 

Nickel 

The standard state of the element is the solid metal. Kelley* 
gave the free energy of sublimation as 87,433 cal. 

Oxidation states. The -fl cyanide, NiCN, exists, and possibly 
so do some other unstable compounds of this state. The -t-2 
state is by far the most important and in water solution the 
chemistry of nickel is very largely that of the ion, Ni''^', and its 
compounds. Although the oxide, NijOa, may be prepared, it 
probably is not a true -|-3 compound, but a mixture of the -|-2 
and -|-4 oxides. No other compounds of the 4-3 state exist. The 
4-4 oxide, Ni02, is a very powerful oxidizing agent, and com¬ 
pounds of the 4-4 state are not known in acid solution. There is 
some evidence of 4-6 and 4-8 oxides. 

The nickel-nickelous couple. An accurate value for the 
potential of the Ni—Ni''^" couple cannot be given, as a truly 
reversible equilibrium appears to be practically unattainable. 
Colombier* gave —0.227. Haring and Vanden Bosche® report 

‘ Kelley, K. K., U. S. Bur. Mines Bull., 383 (1935). 

• Colombier, L., Compt. rend., 199, 273 (1934). 

»Haring, M. M., and Vanden Bosche, E. G., J. Phys. Chem., 33, 161 
(1929). 
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— 0.231. Murata^ found —0.248. Using the Bichowsky and 
Rossini heat of formation of Ni++, —15,200 cal., and assuming 
that the entropy of Ni"*^ is —26 cal. per degree, the same as 
Fe++ and Cu"^, the potential would be —0.316. No great reliance 
can be placed in the heat of formation, and the entropy of the ion 
may differ froni the ferrous and cupric values by several units 
because of the different multiplicity of the ground state. See also 
Co—Co“^ potential. We shall write 

Ni = Ni-^ + 2 c-, = 0.250. 

The corresponding free energy of formation of Ni^ is — 11,530 cal. 

The nickel-nickel hydroride couple. We shall use the solubility 
product of nickel hydroxide to calculate the potential of the nickel 
couple in alkaline solution. Britton® reported 8.7 X 10 “^® for K, 
but this is certainly too small. Wijs® gave 1.6 X 10~^^ from a 
study of the equilibrium with the ammonia complex ion. The 
third-law value is in agreement, if we correct the Bichowsky and 
Rossini heats of formation, to bring the heat of formation of 
Ni*^ into agreement with our free energy of this ion. Hence 

Ni(OH )2 = Ni-H- + 20H-, K = 1.6 X 10 -^^ 

20 H- + Ni = Ni(OH )2 + 2 e-, E^b - 0 . 66 . 

Based on this potential the free energy of formation of Ni(OH )2 
is —105,600 cal. 

Complex nickelous ions. Wijs^ reports 

Ni(NH 3 ) 4 ^ = Ni^ + 4NH8(aq), K = 4.8 X 10 -» 

Ni(NH 3 ) 6 ^ = Ni++ + 6 NH 3 (aq), K = 2.1 X lO*® 

Hence 

8 NH 3 (aq) + Ni = Ni(NH 3 ) 6 ^ + 2e-, E^ = 0.48 

Nickelous ion forms a complex with cyanide, Ni(CN) 4 —. 
From the heat of the reaction, 44 keal., we estimate very roughly 
the K to be 10 -^^, but entropy values used in the computation 
may be badly in error. 


* Murata, K., Bull. Chem. Soc. Japan, 3, 57 (1928). 
^ Britton, H. T. S., J. Chera. Soc., 127, 2110 (1925). 

• Wijs, H. J. de, Rec. trav. chim., 44, 663 (1925). 

^ Ibid, 
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Powerful reducing agents reduce Ni(CN) 4 ~ ~ to the +1 complex 
ion Ni(CN )3 . Grube* has measured the potential, 

CN- + Ni(CN) 3 -- = Ni(CN)4-" + c-, = 0.82 

Nickel carbonate and sulfide. For the solubility product of 
the carbonate, Ageno and Valla® reported, 

NiCOa = Ni++ + C03-~, K = 1.36 X 10 ”^ 
From this value one computes, 

CO 3 - - + Ni = NiCOa + 2 e~, = 0.45. 

Taking the heat of precipitation of the sulfide, NiS, as —15,080 
cal., and the AS° the same as for FeS, 47.5 cal. per degree, the 
solubility product is 3 X 10 ~--^. Theil and Gessner^® conclude 
that there are three forms of nickel sulfide with the solubility 
products: a, 3 X lO^^i; 1 X lO"^®; 7 , 2 X 10“^®. The a form, 
mixed with some ^ and 7 , is precipitated in cold alkaline solution. 
This would agree with the solubility calculated above from the 
heat of precipitation of nickel with sodium sulfide. The con¬ 
version of a nickel sulfide to the other forms is favored by acid, 
which explains the well-known fact that nickel and cobalt sulfides 
do not dissolve in hydrochloric acid but cannot be precipitated 
from acid solution by hydrogen sulfide. Based on the Theil and 
Gessner constants, 


S- - + Ni = NiS(a) + 2e-, E^ = 0.86 

S“- + Ni = NiS(7) + 2c-, E^ = 1.07 

Nickelic oxide. The oxidation of nickelous hydroxide in 
alkaline solution appears to form either a solid solution or a 
series of compounds of Ni 02 and NiO with some water of hydra¬ 
tion. With fairly high concentrations of hydroxide, it is probably 
possible to obtain pure NiOa.^^ This oxide mixture is the oxidiz¬ 
ing agent used in the Edison storage battery, and the electrode is 
often considered as the Ni(OH) 2 "~Ni(OH )3 couple. Foerster^^ 


® Grube, G., Z. Elektrochem., 32, 561 (]926). 

• Ageno, F., and Valla, E., Atti, Accad. Lincei, Ser. 5, 20:2, 706 (1911). 

Theil, A., and Gessner, H., Z. anorg. Chem., 86, 49 (1914). 

» Cf. Howell, O. R., J. Chem. Soc., 123, 1772 (1923). 

Foerster, F., Z. Elektrochem., 13, 414 (1907). 
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has studied the potential of the electrode, and from his work we 
shall write 

20H" + Ni(OH)2 = Ni02 + 2 H 2 O + 2e , E% = -0.49. 

The couple is readily reversible as is indicated by its use in the 
nickel accumulator. For the Ni++—Ni 02 couple in acid, we 
compute, 

2 H 2 O + Ni^ = Ni02 + 4H+ + 2e~, = -1.75. 

This potential is sufficient to cause the rapid oxidation of water, 
so the oxide is unstable in acid solutions. 

Higher oxidation states of nickel. When nickelous hydroxide 
is fused wdth potassium nitrate and potassium hydroxide, the 
nickelate compound, K 2 Ni 04 , is formed. It also is unstable in 
acid solutions because of its high oxidizing power. 

4 H 2 O -f- Ni"^ = Ni04 4” 8H“^ -b 46““, E^ <[ —1.8 

Claims are also made for the formation by the same process of 
some pernickclate, K 2 Ni 05 , but the evidence is not (conclusive. 

Palladium 

Tlie standard state of the element is the metal. The entropy 
of sublimation, 31.3 cal. per degree, is not too widl known and the 
heat of sublimation, 110 kcal., by Bichowsky and Rossini is 
only a rough estimate. The corresponding free energy of sublima¬ 
tion is 101 kcal. 

The element absorbs hydrogen to a remarkable extent, 600 to 900 
volumes of the gas per volume of the metal, depending upon its 
physical condition. The hydrogen appears to be present as a 
solid solution of the compound, Pd 2 H. Gillespie and HalP® 
report for 30° C., 

Pd 2 H(in sat. Pd) = 2 Pd(insat. Pd 2 H) + IH 2 , P = 0.0246 atm. 

The solution is a very much more rapid reducing agent than 
hydrogen (cf. hydrogen overvoltage) and, for example, reduces 
ferric ion readily. 

Oxidation states. The most important oxidation state is 
the +2. Claims are made for the existence of some +1 com¬ 
pounds but they cannot be considered as substantiated. The 


“ Gillespie, L. J., and Hall, F. P., J. Am. Chem. Soc., 48, 1207 (1926). 
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+4 oxidation state is represented by the dioxide and complex 
chlorides, for example, K 2 PdCl 6 , and there is evidence of the +6 
oxide, PdOa. 

Palladitun-palladous couples. Neumann'^ measured the poten¬ 
tial of palladium in 0.5 M PdCi 2 against the calomel electrode and 
found —0.79 for the couple. He also found in a similar cell 
Cd—CdCl 2 (aq), 0.442. Making the correction on the palladium 
couple, which is necessary to give the correct value for the 
cadmium couple, one obtains, 

Pd = Pd++ + 2 e-, = -0.83 

This value is in agreement with the chemical facts that palladium 
dissolves slowly in nitric acid and is precipitated from a nitrate 
solution by ferrous ion. The corresponding free energy of forma¬ 
tion of Pd^ is 38,300 cal. 

The data on the couple in alkaline solution are somewhat 
puzzling. The heat of formation of the oxide, PdO, has been 
obtained from its decomposition pressures, and the heat of for¬ 
mation of the hydroxide, Pd(OH) 2 , may be calculated from the 
heat of precipitation. By making estimates on the entropy of 
formation, which cannot be greatly in error, one obtains as E^ 
values for the couples, Pd—^PdO, —0.1 and for Pd—Pd(OH) 2 , 
—0.1. Jirsa^^ reported for Pd—Pd20, —0.15 and for Pd20—PdO, 
—0.4 to —0.5. These values were obtained by anodic oxidation 
and it is possible that the first one is spurious, perhaps resulting 
from oxidation of some Pd 2 H in the electrode. On the other hand, 
this —0.15 value is in approximate agreement with that calculated 
from thermal data for the Pd—PdO couple. In view of the low 
solubility of platinous hydroxide we shall adopt the lower value 
and write 

20H- + Pd = Pd(OH )2 + 2c-, E% = -0.1 

Pd(OH )2 = Pd^ + 20H-, K = ca 1 X lO-^^ 

The heat of formation of the complex chloride is given by Bi- 
chowsky and Rossini as —127,500 cal. Estimating the entropy 
of the ion as 40 cal. per degree, the free energy of formation is 
— 96,000 cal. and 

4C1- + Pd = PdCl4-“ + 2c-, E^ = -0.64. 

Neumann, B., Z. physik. Chem., 14, 193 (1894). 

Jirsa, F., Z. physik. Chem., 113, 241 (1924). 
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This seems to be about right, as ferrous ion will not precipitate 
the metal from the complex chloride. The corresponding dis¬ 
sociation constant is, 

PdClr - = Pd-^ + 4C1-, K - ea 3 X 

The thermal data on the complex bromide appear to give a slightly 
larger constant for its dissociation and are probably in error. 

No values can be given for the dissociation constant of the 
complex ammonia ion or for the solubility product of the slightly 
soluble salts, Pd(CN) 2 , PdL • H 2 O, and PdS. 

Palladium in the +4 and +6 oxidation states. Wellman^® 
found by direct measurement, 

PdClr- + 2C1- - PdCle-" + 26“ = -1.288 

The recorded heats of formation are not in agreement with this 
potential and it would appear that the heat of formation of 
PdCle should be about —145,000 cal, instead of —156,500 cal. 
The complex chloride is almost as good an oxidizing agent as 
chlorine, and chlorine is evolved from the solution upon heating. 
Wellman also measured the solubility product of the potassium 
salt. 


KaPdCleCs) = 2K+ + PdCle" ", K = 6.0 X 10“^ 

The complex bromide may be prepared but it also is unstable 
upon warming with respect to the oxidation of bromide. The 
concentration of Pd*^, or some hydrolyzed form of the ion, in 
these solutions is unknown but it is probably less than 10 ““^. 

Pd++ = Pd+^ + 26“, < -1.6 

Jirsa*^ gave —0.95 for the PdO—Pd 02 couple in alkali. From the 
thermal data we calculate —0.71 for Pd(OH) 2 —Pd(OH) 4 . As an 
approximation we shall write, 

20 H“ + Pd(OH )2 = Pd(OH )4 + 26 “ E% = ca - 0 . 8 . 

The same author reported, 

20H“ + PdOa = PdOa + H 2 O + 26 “ E% = - 1 . 2 . 


Wellman, H. B., J. Am. Chem. Soc., 52, 985 (1930). 
Jirsa, F., Z. physik. Chem., 118, 241 (1924). 
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The trioxide in acid solution is obviously a very powerful oxidizing 
agent and no compounds are known. 

Platinum 

The standard state of the element is the solid metal. Jones, 
Langmuir, and Mackay^® calculate the boiling point as 4800° K. 
and the vapor pressure at 1000° K. as 3.47 X lO'^ atm. Their 
value for the heat of sublimation is = 127,500 cal. 

Kelley^® calculated AF° = 114,900 cal. 

Oxidation states. The principal oxidation states are the 
+2 and +4. The free ions corresponding to these states are 
present only at low concentrations in water solutions but many 
halogeno-, nitro-, amido-, cyano-, and other complex platinites and 
platinates exist in solution. These compounds are, in general, 
much more stable and important than the oxides and their com¬ 
plexes. However, the free energy data pertaining to the platinum 
complex acids are very limited and only a few cases can be dis¬ 
cussed. The +1 and -+-3 chlorides and a few other compounds of 
these states have been prepared, but their chemistry has no 
significance in water solutions. The -f 6 oxide and a few salts, 
for example, K 2 Pt 04 , are known. 

Platinum-platinous couples. Many investigators have been 
discouraged by the lack of reproducibility of platinum electrodes. 
Lorenz and Spielmann^® discuss the problem for a number of 
couples. However, although their potentials were not very 
constant, they do agree in general with values which we may 
calculate from thermal data. For the hydroxide, Pt(OH) 2 , 
Bichowsky and Rossini give —87,500 cal. as the heat of formation. 
Estimating the entropy of the hydroxide as 24.5, one computes 
for the entropy of formation —65.7 cal. per degree and for the 
free energy, —67,900 cal. Hence 

20 H- + Pt = Pt(OH )2 + 2 e“, El = -0.16 

The hydroxide is not appreciably soluble in 1 molal acid; hence 
we may write, 

2 H 2 O + Pt = Pt(OH)2 + 2H+ + 2c-, = -0.99 

Jones, H. A., Langmuir, I., and Mackay, G. M. J., Phys. Rev., 30, 
201 (1927). 

Kelley, K. K., U. S. Bur. Mines Bull., 383 (1935). 

Lorenz, R., and Spielmann, P. E., Z. Elktrochem., 16, 293 (1909). 
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Lorenz.and Spielmann found —0.98 as an average of a number of 
values for this couple. 

However, the hydroxide dissolves somewhat in concentrated 
nitric acid, and, as a rough estimate, the solubility product is 

Pt(OH )2 = Pt^- + 20H- K = ca 

This leads to the following potential for the ion: 

Pt = Pt^-^ + 2c- == ca -1.2 

Using —122,000 cal. as the heat of formation of the chloroplatinite, 
Pt(Jl 4 , and estimating the entropy of the ion as 45, the entropy 
of formation is —102.8 cal. per degree and the free energy, —91,600 
(‘al. From this value, 

4C1- + Pt - PtCb-'- + 2c- = -0.73 

PtClr- = Pt++ + 4(n- K = ca 10-i« 

A similar calculation for the bromoplatinite yields, 

4Br- + Pt = PtBrr- + 2e-, E^ - -0.68 

PtBrr " = Pt++ + 4Br-, ^ K = ca lO"'® 

Lorenz and Spielmann found —0.726 for the Pt—PtCL— 
couple. This value is consistent with the fact that ferric chloride 
slowly oxidizes platinum, but may be a little too large negatively. 

The heat of formation of platinous sulfide, PtS, is given by 
Bichowsky and Rossini as —16,000 cal. Taking the entropy 
of the sulfide equal to that of lead sulfide, 21.8, the entropy of 
formation is 4.2 cal. per degree and the free energy, —17,250 cal. 

H 2 S(g) + Pt = PtS + 2H+ + 2c-, E^ = 0.20 

S- - + Pt = PtS + 2c-, El = 0.83 

PtS = Pt^ + S- -, K = ca 10-70 

According to these potentials, platinum should tarnish with 
hydrogen sulfide. However, the energy of the reaction is not 
very large. 

H 2 S + Pt = PtS + H 2 , AF^ = -9400 cal. 

It is obvious that the solubility product of PtS must be very 
small in order for it to be stable, but the figure lO-^® seems a 
little excessive, although it must be said that it is very difficult to 
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put PtS into solution by oxidation of the sulfur. However, a 
value of —12,000 cal. for the heat of formation of the sulfide 
would appear to be more reasonable. 

Free energies cannot be calculated for the numerous ammonia 
and nitrite complex salts. The iodoplatinite is unstable, 

2Ptl4- ” = PtTs- - + 21- + Pt 

Platinum in the +3 state. From the heats of formation, the 
heat of the decomposition of the trichloride is found to be 

2 PtCl 3 (s) = PtCbCs) + PtCLCs), = 3.4kcal. 

The entropy of the reaction must be very small; hence AH° and 
AF° are approximately the same. This small positive value 
indicates that the solid is stable. Experimentally it also dissolves 
in water without decomposition, but when it is warmed with 
hydrochloric acid the following reaction occurs, 

2PtCl3 + 4C1” = PtClr- + PtCle-- 

and there appears to be no appreciable concentration of +3 
platinum complex ions in the solution. 

Platinous-platinic couples. The potential of the PtCL” "— 
PtCle— couple has been measured by a number of investigators. 
Srnith^^ gave —0.792 for the couple in 0.1 Cl" and we shall write 

2 C1- + PtClr" = PtClfi-- + 2e-, = -0.72. 

The heat of the similar reaction (that is, with H 2 —2H+) for the 
bromoplatinites and platinates is 4100 cal. less, and assuming 
the entropy of the two reactions to be closely the same, one 
calculates, 

2 Br- + PtBrr- = PtBre"" + 2c-, E° = -0.63. 

No data are available for the calculation of the dissociation 
constants of the chloro- or bromoplatinates. The acid dissociation 
constants of many of nitro-, chloro-, and amido-complex ions have 
been studied by Grunberg and Faermann.^ For example, they 
give, 

21 Smith, E R., U. S. Bur. Standards J. Research, 6, 735 (1930). 
GrUnberg, A. A., and Faermann, G. P., Z. anorg. allgem. Chem., 193, 
193 (1930). 
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Pt(NH,).+^ = Pt(NH,),(NH,)^-H- + H+ K = 1.3 X 10-* 

However we cannot at present calculate free energies for these 
complex ions. 

Terrey®* gave the following value for the cyanide couple in 
chloride solution: 

2C1- + Pt(CN)r - = PtCl2(CN)4- - + 2e-, = -0.89 

From the solubility data, rough values may be obtained by the 
solubility products of many of the chloroplatinates, for example, 

KsPtCl* = 2K+ + PtClr K= IX 10-‘ 

(NHOiPtCl. = 2 NH 4 + + PtClr-, K = 9 X 10-« 

The silver salt is but very slightly soluble. 

The heats of formation of the dioxide, Pt02, or the platinic 
acid, HjPtCOH)*, have not been determined. Platinous hydroxide 
is readily oxidized in air to the dioxide or, in alkaline solution, to 
platinate. 

40H- + Pt(OH )2 = Pt(OH)r- + 2e-, E% = -0.1 to -0.4 

Since platinum hydroxide does not decompose in acid into the 
metal and the dioxide, the potential of the Pt(OH) 2 —Pt02 couple 
must be less than that for the Pt—Pt(.OH )2 couple, that is, < 
—0.99. Lorenz and Spielmann found —1.01, and we shall write, 

Pt(OH )2 = Pt02 + 2H+ + 2e-, E® = ca -1.1 

The dioxide is soluble in concentrated sulfuric acid, apparently 
forming the ions Pt(OH) 2 ‘'^ or Pt(OH)'*’. No values can be 
given for their free energies. 

The heat of formation of the disulfide, PtS 2 , is given by 
Bichowsky and Rossini as —21,000 cal. A value of 25.5 is 
probably fairly close for the entropy of the sulfide, so the entropy 
of formation is approximately zero and the free energy of forma¬ 
tion is also —21,000 cal. With this value w^e may calculate 

E° = -0.01 

E% = 


H2S(g) -b PtS = PtS* + 2H+ 4- 2e-, 
S "b PtS = PtS2 "b 2c~, 

*• Terrey, H., J. Chem. 80 c., 202 (I92S). 


0.64. 
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Since the free energy of the ion Pf^ is not known, we cannot 
calculate the solubility product. The sulfide is soluble in excess 
sulfide to form the thioplatinate PtSg—, but no quantitative 
figures can be given. 

Perplatinate. The anodic oxidation of a solution of platinate 
in potassium hydroxide results in the deposition of the potassium 
perplatinate, K 2 Pt 04 . The oxide, PtOg, may be prepared from 
this compound. Since oxygen is not able to bring about this 
oxidation, one may conclude, 


20H 4” Pt(OH)6 — Pt04 4" 4 H 2 O 4" 2e , E% <C —0.4 


S umm a r y of the group potentials. For comparison of the 
potentials of the three members of the group, the following 
summary is given: 


0 

Ni 

Pd 

Pt 


0.250 
-0.83 
ca — 1.2 
-0.99 


Acid Solution 
4-2 +4 

Ni^ - NiOs 

Pd++ — - —Pd-^ 

Pt++ 

Pt(OH)i- —PtO, 


< - 1.8 


+ 6 

-NiOr - 


Alkaline Solution 


0.66 -0.49 

-Ni(OH )2 -N 1 O 2 

Pd——Pd(OH)2 - Pd(OH)4 

Pfc - - Pt.(QH)i - Pt(OH)«- - 


< -0.4 
ca — 1.2 

< -0.4 


NiOr - 
PdO, 
PtOr - 



CHAPTER XIII 


Cobalt, Rhodium, and Iridium 

Each element of this group has nine electrons more than the 
preceding noble gas. In the monatomic gas atoms the lowest 
electronic states are and shP, the two levels lying close to¬ 
gether. The important oxidation states are +2, +3, +4, and 
+6; the lower states become less stable and the higher states 
more stable with increasing atomic weight, but compounds of the 
+6 state are always very powerful oxidizing agents. 

Cobalt 

The standard state of the element is the solid metal. The 
only vapor pressure measurements are tiiose of Ruff and Keilig, ^ 
who gave 30 mm at 2375° K. Millar- estimated 85 kcal. as the 
heat of sublimation. The entropy of the gas has not been cal¬ 
culated, but using 36 cal. per degree for of sublimation as an 
approximation, a rough value for the free energy of sublimation is 
74 kcal. 

Oxidation states. Like the neighboring elements of the first 
transition series, cobalt forms compounds of the +2 ion. Unlike 
nickel but like iron, compounds of the +3 ion exist in solution. 
The ion, Co^^, is such a powerful oxidizing agent that it de¬ 
composes water, but many of its complex ions are more stable 
than the corresponding cobaltous complex ions. There are, 
indeed, hundreds of these complex cobaltic ions, and the descrip¬ 
tion of their properties constitutes some of the most interesting 
pages in chemical literature. The coordination number of +3 
cobalt is 6, and ions or molecules in the coordination position are 
held with remarkable firmness. For example, chloride in such a 
position is not precipitated by silver ion. However, quantitative 
data are to be found for only a few ions, and our discussion will be 
confined to these cases. 

^ Ruff, O., and Keilig, F., Z. anorg. Chem., 88, 410 (1914). 

• Millar, R., Ind. Eng. Chem., 17, 34 (1925). 
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There is evidence for the +4 oxide, C 0 O 2 , but the oxide is 
very unstable in water and the chemistry of this state is therefore 
limited. 

Cobalt-cobaltous couples. Like the nickel electrode, it appears 
to be impossible to obtain a satisfactory reversible cobalt-cobaltous 
potential. The following E° values have been calculated from the 
work of a number of investigators: 0.253, Neumann;® 0.298, 
Labendzenski 0.292, Coffetti and Foerster;® 0.283, Schildbach;* 
0.246, Lamb and Larson;^ and 0.278, Haring and Westfall.® 
In addition, He 3 nnann and Jellinek® studied the equilibrium 
between cobalt and nickel and their ions and report Ni"^^/Co"*^ = 
0.125. This leads to a difference of 0.027 volts between the 
values of the two elements; and, having chosen 0.250 for nickel, 
we shall take 

Co = Co^ + 2e-, = 0.277. 

This value is a fairly good average of the various e.m.f. measure¬ 
ments. Assuming 27 cal. per degree for the entropy of cobaltous 
ion and using this potential, one calculates roughly —13,500 cal. 
for the heat of formation of the ion. This is 3000 cal. less (nega¬ 
tively) than the Bichowsky and Rossini value. All their heats 
which depend upon the ion will be corrected by this amount when 
used in later calculations. The free energy of Co^ in agreement 
with the is —12,800 cal. 

For the solubility product of the hydroxide we compute, 

Co(OH )2 = Co++ + 20H-, K =2X 

These calculations used —5700 cal. for the heat of precipitation 
of the hydroxide and an estimated 19 cal. per degree for the 
entropy of the solid. The calculated free energy of Co(OH )2 is 
— 108,900 cal. and the corresponding potential of the couple in 
alkaline solution is, 

20H- + Co - Co(OH )2 + 2e-, E% = 0.73. 

* Neumann, B., Z. physik. Chem., 14, 215 (1894). 

^ Labendzenski, S., Z. Elektrochem., 10, 77 (1904). 

® CoflFetti, G., and Foerster, F., Ber. 38, 2936 (1905). 

® Schildbach, R., Z. Elektrochem., 16, 967 (1910). 

^ Lamb, A. B., and Larson, A. T., J. Am. Chem. Soc., 42, 2038 (1920). 

® Haring, M. M., and Westfall, B. B., Trans. Electrochem. Soc., 66, 
235 (1934). 

® Heymann, T., and Jellinek, K., Z. physik. Chem., 160, 34 (1932). 
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The hydroxide is said to be appreciably soluble in 8 M KOH, 
forming C 0 O 2 . 

Lamb and Larson also studied the cobaltous ammonia complex 
and found 


Co(NH 3 ) 6 ^ = Co^ + 6 NH 3 (aq), 

K = 1.25 X 10“^ 

Combining this with our value for the Co—Co"^ couple, we find 
6 NH 3 (aq) + Co = Co(NH 3 ) 6 ^ + 2 c-, 

= 0.422 


AF° (formation) Co(NH 3 ) 6 ^ = —57,470 cal. 

Cobalt sulfide, like nickel sulfide, ha.s at least two modifications, 
differing considerably in their solubilities. See, for example, the 
work of Mickwitz.^® Taking the entropy of CoS as 16.1, the 
same as FeS, and using —19,300 cal. as the heat of formation, 
one computes for the free energy of formation —19,800 cal. 
Since this heat was obtained by precipitating the sulfide, this 
calculation should give the value for the more soluble a form. 
Hence, 

CoS(a) = Co++ + S--, K = 7 X 10-23 

S- - + Co - CoS(a) + 26-, El = 0.93 

Kolthoff^^ gave 1.9 X for K and this would appear to apply 
to the less soluble p form. Hence, 

CoS03) = Co++ + S--, iC = 1.9 X 10-27 

S-- + Co = CoS03) + 2e-, El = 1.07 

Kelley and Anderson ^2 compute —155,570 cal. for the free energy 
of formation of cobalt carbonate. Combining with our value for 
the free energy of cobalt, we find, 

CoCOs = Co++ + COa--, K = 1.0 X 10-12 

CO 3 - “ + Co = CoCOa + 26 -, El = 0.632 

^®Mickwitz, A., Z. anorg. allgem. Chem., 196, 116 (1931). 

“ Kolthoff, I. M., J. Phys. Chem., 34, 2711 (1930). 

Kelley, K. K., and Anderson, C. T., U. S. Bur. Mines Bull., 384 (1935). 
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Cobaltous-cobaltic couples. Noyes and DeahP* from potential 
measurements found in 3ikf HNO 3 , 

Co++ = Co-+^ + €-, E = -1.842 

It is difficult to calculate an accurate E° but we shall use as an 
approximate value for the free energy of Co+^, 28,900 cal. As 
this potential indicates, the free ion at high concentrations rapidly 
oxidizes water to oxygen. 

Taking —173,000 cal. for the heat of formation of cobaltic 
hydroxide and 24 as the estimated entropy of the hydroxide, the 
entropy of formation is found to be —103.2 cal. per degree, and 
the free energy to be —142,000 cal. 

Co(OH)3 = Co^ + 30H-, E - 2.5 X 10 -« 

OH- + Co(OH )2 = Co(OH )3 + e-, E% = - 0.2 

Lamb and Larson also studied the dissociation of a number of 
the cobaltammines. The following constants, which have been 
calculated from concentrations and not activities, are of special 
interest: 

Co(NH 3 ) 6 ^ = Co-^ + 6NH3(aq), E = 2.2 X 10-^ 
Co(NH 3)6H20^ = Co-^ + 5NH3(aq) + H 2 O, 

if = 1.6 X 10-«^ 

The aquopentamminecobalti ion is thus slightly more stable than 
the hexammine. The Co(NH 3 ) 6 N 02 '^ and Co(NH 3 ) 4 (N 02 ) 2 '^ 
ions have stability constants of the same order of magnitude. 
For the free energies of formation we calculate Co(NHs) 6 ^^, 
-55,000 cal. and Co(NH 3 ) 5 H 20 +^-^, -106,000 cal. 

Co(NH8)6-^ = Co(NH 3)6^ + e-, = -0.1. 

For the potential of the complex cyanide couple, Lieder and 
Schachterle^^ report 0.814 at 2°C. From this we estimate 

Co(CN) 6 -‘ == Co(CN) 6 — + e- E® = 0.83 

The cobaltous complex is thus a powerful reducing agent and is 
even oxidized by water with the evolution of hydrogen. 

“Noyes, A. A., and Deahl, T. J., J. Am. Chem. Soc., 59, 1337 (1937). 
See also Lamb, A. B., and Larson, A. T., J. Am. Chem. Soc., 42, 2024 (1920). 
“Lieder, H., and Schachterle, P., Z. Elektrochem., 32, 661 (1926). 
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The potential of the complex nitrite couple is not known, but 
it apparently has a positive value and is readily oxidized by 
HNO 2 ; hence the cobaltous complex decomposes with the forma¬ 
tion of the cobaltic complex and nitric oxide. The solubility of 
the sodium potassium salt, NaK2Co(N02)6 H20, is given as 0.7 g 
per liter; hence the solubility product is about 

NaK2Co(N02)6-H20 = Na+ + 2K^ + Co(N02)6““^ + H 2 O, 

K = ca 2.2 X lO-'i 

Cobalt dioxide. Powerful oxidizing agents in alkaline solution 
appear to form the dioxide C 0 O 2 or a solution of C 0 O 2 in C 02 O 3 . 
From the curves obtained by Grube*® for the anodic oxidation of 
cobalt in hydroxide, 

OH- + Co(OH )3 = C 0 O 2 + 2 H 2 O + C-, 

the potential at 90° C. would appear to be about —0.7. However, 
this would lead to a value of —1.5 for the Co"^—C 0 O 2 couple in 
acid which is certainly too high by at least 0.3 volts. 

Rhodium 

The standard state of the element is the solid metal. Bichowsky 
and Rossini have estimated 115 kcal. as the heat of sublimation, 
and we estimate 35 as the entropy of sublimation which would 
give, as a rough approximation, 104,500 cal. as the free energy 
of sublimation. 

Oxidation states. Wohler and Mtiller^® have definitely estab¬ 
lished the existence of Rh20 and RhCl, and of RhO and RhCL. 
The most important oxidation state is the +3 and, like cobalt, 
the ion forms many complexes with ammonia, the halogens, 
cyanide, and nitrite. The dioxide, Rh02, and trioxide, RhOa, 
and their salts in alkaline solution have been prepared but they 
are too powerful oxidizing agents to exist in acid. 

The free energies of some rhodium compounds. Our only 
source of data regarding the energies of the various oxidation 
states are a few heats of formation. The calculations leading to 
the free energies are summarized in Table 28. The entropies have 
been estimated from the values for similar silver and cadmium 

Grube, G., Z. Elektrochem., 33, 394 (1927). 

Wohler, L., and Mtiller, W., Z. anor^. allgem. Chem., 149, 125 (1925). 
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compounds. The heats of formation of Bichowsky and Rossini 
have been used, inasmuch as they appear to be in better agree¬ 
ment with the chemical facts than are those calculated by Wohler 
and Jochum.^^ 


Table 28 

HEAT ENTROPIES AND FREE ENERGIES OF FORMATION OF 
RHODIUM COMPOUNDS 


Corapound 

(Compound) 

AS" 

Ai/" 

1 AF" 

Rh20 

(28) 

-12 

-21,000 

-17,400 

RhO 

(13) 

-19 

-25,000 

-19,300 

RhaOs 

(30) 

-59 

-78,000 

-60,500 

RhCl 

(23) 

-n 

-16,000 

-12,600 

RhCl2 

(32) 

-29 

-40,000 

-31,400 

RhCh 

(41) 

-47 

-60,000 

-46,000 

HhCle— 

(50) 

-165 

-205,500 

-156,000 


From these free energies some interesting deductions can be 
made regarding the stabilities of the + 1 , + 2 , and +3 oxidation 
states. In this connection the following reactions and their free 
energies are important: 


3 RJ 12 O = RhjO, + 4Rh, 

AF® = -8000 cal. 

3RhO = RhzOa + Rh, 

AF° = -2600 cal. 

3RhCl = RhCla + 2Rh, 

AF° = -8200 cal. 

3RhCl2 = 2RhCl3 + Rh, 

AF° = 2200 cal. 

3RhCl2 + 6C1- = 2RhCl6— + Rh, 

AF° = -30,000 cal. 

Without some knowledge regarding the free energies of solution 
of the oxides it is impossible to give accurate potentials for the 
ions. As a rough estimate we shall write. 

Rh = Rh++ + 2e~, 

E° = ca —0.6 

Rh = Rh+++ + 3c-, 

E° = ca -0.7 


The metal dissolves in hot concentrated sulfuric acid, which 
seems reasonable in view of these potentials, but it is not soluble 
in nitric acid which must mean that the metal is rendered passive 
with this reagent. The potential for the Rh—Rh"*"*^ couple 
would make the dissociation constant for RhCL about 
This seems to be the right order of magnitude. 

Wohler, L., and Jochum, N., Z. physik. Chem., 167, 169 (1933). 
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No values can be given for the many complex ammines formed 
by Rh"^ or for the sulfide, Rh 2 S 3 , and the thio-acid. The 
compound K 3 Rh(N 02)6 has a very small solubility, but there are 
no quantitative data. 

Rhodium in the +4 and +6 states. Chlorine in alkaline 
solution oxidizes Rh 203 to Rh 02 and forms some Rh 04 in 
solution. The dioxide has acid properties and forms salts when 
fused with NaOH. Both Rh02 and Rh 04 liberate chlorine 
when treated with hydrochloric acid. 

20H~ -f“ Rh203 = 2Rh02 “h H 2 O -f" E% !)> —0.9 

40H~ + RhOj = Rh04— + 2 H 2 O + 2e~, El > -0.9 

2 H 2 O + RhCl6-““ = RhOj + 4H+ + 6C1- + C-, 

E° < -1.4 

4 H 2 O + RhCh—= Rh04'— + 8H+ + 6C1- + Se", 

E^ < -1.4 

Grube and Gu'® have studied the oxidation of +3 rhodium in 
nitric and perchloric acid solutions. Although the form of the 
+4 ion is not known, we shall give their potentials and write, 

H 2 O + Rh+^ = RhO^ + 2H+ + C-, E^ = -1.40 

3 H 2 O + RhO-^ = Rh04-'- + 6H+ + 2c-, E° = -1.46 

Iridium 

The standard state of the element is the metal. Based on the 
estimated heat of sublimation, 115 kcal., and the estimated 
entropy of sublimation, 35 cal. per degree, the free energy is 
105,000 cal. 

Oxidation states. The +1 and +2 chlorides have been pre¬ 
pared by the decomposition of IrCL at high temperatures. The 
+3 and +4 states exist in solution in the form of hundreds of 
complex ions of the same general nature as the cobalt and rhodium 
complex ions with the exception that the +4 compounds of 
iridium are much more stable than are those of the lighter elements 
of the group. The +6 oxide and its salts in alkaline solution are 
known, but they cannot exist in acid solution. 

Grube, G., and Gu, B., 2. Elektrochem., 43, 397 (1937). 
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The free energy of a number of iridium compounds. In 

Table 29, calculations leading to the free energy of several iridium 
compounds have been tabulated. The heats of formation are 
from Bichowsky and Rossini with the exception of that for the 
dioxide which is the value given by Wohler and Jochum.^® The 
entropies have been estimated from those of similar compounds. 
From the free energies of the chlorides, one calculates: 

3IrCl = IrCls + 2Ir, = 4200 cal. 

SIrCL = 2IrCl3 + Ir, AF® = 3000 cal. 

These values indicate that the +1 and +2 chlorides in the solid 
state are stable with respect to the decompositions as written. 
However, in contact with water, the greater solubility of the +3 
chloride will doubtless cause the reactions to occur. 

Table 29 

HEAT, ENTROPIES, AND FREE ENERGIES OF FORMATION OF 
IRIDIUM COMPOUNDS 


Compound 

S (Compound) 

AS* 

AH ^ 

AF ^ 

IrCl 

(24) 

-12 

-20,500 

-16,900 

IrClj 

(33) 

-29 

-40,600 

-32,000 

IrCh 

(42) 

-47 

-60,500 

-46,500 

IrCle- 

(51) 

-165 

-186,800 

-137,800 

IrOa 

18 

-40 

-40,000 

-28,000 


Using the free energy of the +3 chloride complex ion, one 
calculates, 

6C1- + Ir = IrCle— + Se', F® - --0.72 

The metal should then dissolve in CI 2 water or in aqua regia. 
Upon gentle heating the sesquioxide decomposes, 

2 Ir 208 = 3 Ir 02 + Ir; 

hence we may assume AF® for the reaction to be zero and, from 
the free energy of Ir02, calculate —42,000 cal. as the free energy 
of formation of Ir 208 . 

eOH- + 2Ir = IraOa + 3 H 2 O + FS = -0.1 

Wdhler, L., and Jochum, N., Z. physik. Chem., 167, 169 (1933). 
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The hydrated oxide is said to be soluble in excess OH“ with the 
formation of Ir 02 ", but there seems to be some uncertainty 
regarding the extent to which this reaction takes place. 

As a rough approximation, we shall write 

Ir = IrH-H + 3e~ = ca -1.0. 

This potential would correspond to a dissociation constant, 
K = 10"^^ for IrCle , and a solubility product, K = 10~^^ for 
the oxide, Ir 203 . 

The +3“ +4 couples. From the free energies one computes, 

20H“- + IraOa = 2Ir02 + H 2 O + 2e-, El = -0.1. 

The dioxide is not soluble in hydroxide or hydrogen ions. Using 
the estimated free energy of Ir^, one finds as an approximate 
value, 

2 H 2 O + Ir+^ = IrOs + 4H+ + c”, = ca -0.7. 

This would make Ir*^ slightly unstable with respect to its 
decomposition into the metal and dioxide, which is not correct, 
but it is difficult with the present data to give a better value. 

Woo^® studied the potential of the IrCU —IrCle couple and 

gave from direct cell measurements, 

IrCle— = IrCle”“ + c', = --1.021. 

The bromoiridate, IrBre , forms when the chloroiridate is treated 
with bromide ion, but the potential of the bromo-couple has not 
been determined. A similar statement may be made regarding 
the iodoiridate. No values can be given for the many complex 
ammines. 

Iridium in the +6 state. When the dioxide is fused with 
potassium nitrate and potassium hydroxide, the salt, K 2 lr 04 , is 
formed and the reaction of oxygen with the dioxide in alkali is 
also said to occur. 

40H- + Ir02 = IrOr- + 2 H 2 O + 2e- El > -0.4 

The iridate oxidizes chloride in acid solution. 

Summary of group potentials. For comparison, the potentials 

20 Woo, S. C., J. Am. Chem. Soc., 63, 469 (1931). 
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relating the various oxdiation states of the three elements of the 
group in acid solutions are summarized in the following scheme; 

0 +2 +3 +4 




CHAPTER XIV 


Iron, Ruthenium, and Osmium 

The elements of this group have eight electrons more than the 
preceding noble gas, and these electrons in the gas atoms have 
the configuration although the state also lies very close. 
The important oxidation numbers are +2, +3, +4, + 6 , and + 8 . 
The latter state is shown in ruthenium and osmium in the 
tetroxides, RUO 4 and OSO 4 , but the maximum oxidation number 
of iron is + 6 . 

Iron 

The standard state of the element is the a metal. Overstreet^ 
has reviewed the vapor pressure data on iron and calculates for 
the process of sublimation: 96,684 cal; AF°, 85,682 cal.; 

A>S°, 43.38 cal. per degree. 

Oxidation states. The ions Fe++ ferrous, and Fe"^^, ferric, 
exist in acid solution. These ions form the familiar series of 
ferrous and ferric salts and, in alkaline solution, the corresponding 
hydroxides. The perferrite ion, FeOs , and the ferrate ion, 
Fe 04 —, of the +4 and +6 states, are known in alkaline solutions, 
but they rapidly evolve oxygen when acidified. There is evidence 
for low concentrations of the ferryl ion, FeO“^, in ferric solutions. 
Magnetite, Fes 04 , or FeO • Fe 203 , is important in the high temper¬ 
ature chemistry of iron but is not involved in equilibria in water 
solutions. Claims are made for the +1 state in the compound 
(NO) 2 FeSK, but it is obviously difficult to say how the electrons 
are divided between the nitrogen, iron, and suKur. 

Iron-ferrous couples. Iron electrodes are readily polarized 
and, in common with other hard metals, surface strains are usually 
present which are capable of producing very large variations in 
potential measurements with different samples of the metal. 
Richards and Behr^ were the first to get reproducible results 

^ Overstreet, R;, (Master’s Thesis, University of California, 1930). 
Cf. Kelley, K. K., U. S. Bur. Mines Bull., No. 383 (1935). 

* Richards, T. W., and Behr, G. E., Z. physik. Chem., 58, 301 (1907). 
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using finely divided iron. Randall and Frandsen* gave for the 
free energy of Fe^, —20,310 cal. 

Fe = Fe+^ + 2c-, = 0.440. 

For the couple in alkaline solution, these same authors gave 

20H- + Fe = Fe(OH )2 + 2c- E% = 0.877. 

The corresponding free energy of Fe(OH )2 is -115,660 cal. From 
the heat of formation of the hydroxide, —135,900 cal., and the 
estimated entropy of 19 cal. per degree, one computes the free 
energy to be — 115,700 cal, in agreement with the potential value. 
The solubility product then is, 

Fe(OH )2 = Fe^-^ + 20H- K = 1.65 X 10^^. 

The potential for the oxidation of iron by hydrogen ion is 
0.440 volts while the potential for the oxidation by water in 
alkaline solution is only 0.05 volts. This is doubtless the basis 
for the more rapid rusting of iron in an acid environment, as the 
first step of the process appears to involve the reduction of hy¬ 
drogen. The second step, the formation of ferric oxide, arises 
from the action of oxygen (cf. Fe*^—Fe"^ couple). 

Kelley and Anderson^ have reviewed the data on ferrous car¬ 
bonate and give, 

FeCOs = Fe-^ + C 03 ~^ K = 2.11 X 10-“. 

Combining with our values for the free energies of the ions, the 
free energy of the carbonate is —161,260 cal. and the potential 
of the iron-ferrous carbonate couple, 

C08“ + Fe = FeCOa + 2e-, = 0.755 

Bruner and Zawadzki® gave 3.7 X 10“^® for the solubility 
product of ferrous sulfide. From the heat of formation, —23,100 
cal, and the entropy of formation, 2 cal. per degree, one computes 
— 23,700 cal. for the free energy and a solubility product of 
2 X 10“2°. Giving more weight to the former, we shall write, 

FeS = Fe++ + S—, K = 1 X 10-i» 

S— + Fe = FeS + 2e- E^ = 1.00 

FeS, AF® (formation) = —22,900 cal 

* Randall, M., and Frandsen, M., J. Am. Chem. Soc., 64, 40, 47 (1932). 

* Kelley, K. K., and Anderson, C. T., U. S. Bur. Mines Bull., 384 (1935). 

* Bruner, L., and Zawadzki, J., Z. anorg. Chem., 67, 454 (1910). 
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Several values have been reported for the Fe—Fe(CN)6 
couple, but the electrode does not appear to be reproducible. 
From the heat of formation of the ion and a very rough estimate 
of 68 cal. per degree for its entropy we calculate, 

6CN” + Fe = Fe(CN)6-^ + 2c- - ca 1.5 

Fe(CN)6^ - Fe++ + GCN", K = ca 10 -^’ 

The oxalate complex ion, 1 ^ 0 ( 0204)2 , has been studied by 

Schaper® but it is difficult to give a value for its dissociation 
constant. 

Manchot and Haunschild^ measured the partial pressure of 
nitric Oxide in equilibrium with FeNO'^ and give, for equal 
concentrations of the ions, 

FeNO++ = Fe+^ + NO, K 1150 mm. 

Ferrous-ferric couples. The potential of the ferrous-ferric 
couple has been measured in many cells, but accurate corrections 
for the hydrolysis of ferric ion and for the activities have not 
been made in the earlier work. Bray and Hershey® reviewed 
the literature and calculated —0.772 for the E®. Schumb, 
Sherrill, and Sweetser® report —0.770. We shall take 

Fe++ = Fe-^ + e", = -0.771 

The free energy of ferric ion then is —2530 cal. One computes 
from this and the free energy of ferrous ion, 

Fe = Fe-^+ + Sr", = 0.036 

This potential has little significance since the mechanism is always 
through the ferrous state. For the reduction of ferric ion by iron, 

2Fe^^^ + Fe = SFe^*^, AF° = -55,870 cal., 

a; = 1 X 10^1 

and the concentration of ferric ion at equilibrium with iron and 
1 M Fe"^ is very small. 

® Schaper, C., Z. physik. Chem., 72, 315 (1910). 

^ Manchot, W., and Haunschild, H., Z. anorg. allgem. Chem., 140 , 22 
(1924). 

8 Bray, W. C., and Hershey, A. V., J. Am. Chem. Soc., 66, 1889 (1934). 

® Schumb, W. C., Sherrill, M. S., and Sweetser, S. B., J. Am. Chem. 
Soc., 69 , 2360 (1937). 
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The heat of formation of ferric hydroxide is given by Bichowsky 
and Rossini as —197,300 cal. Estimating the entropy as 23.0, 
the entropy of formation is —103.9 cal. per degree and the free 
energy -166,300 cal. For the solubility product, 

Fe(OH)3 == Fe+^ + 30H- X = 4 X lO”®®. 

This value is in agreement with the calculation of Elder^® and 
also closely checks the work of Jellinek and Gordon^^ who reported 
1 X 10-38. 

For the potential of the ferrous-ferric couple in alkaline solu¬ 
tion, we then find, 

OH- + Fe(OH )2 = Fe(OH )3 + e", E% = 0.56 

Ferrous hydroxide is thus a very much better reducing agent 
than ferrous ion. This fact is important in connection with the 
oxidation of iron by oxygen. From the equation, 

2Fe^ + ^02 + 2H+ = 2Fe'^ + H 2 O 

it would appear that high hydrogen ion would favor the oxidation 
of ferrous ion as the energy of the reaction obviously increases. 
Experimentally the rate of the reaction decreases and hydrogen 
ion tends to stabilize ferrous solutions against oxidation. It is 
generally assumed that this slow rate in acid arises from the initial 
reduction of the O 2 molecule to hydrogen peroxide, which has a 
potential of only —0.68 volts and that the equilibrium concen¬ 
tration of hydrogen peroxide does not rapidly oxidize ferrous ion. 
At low acid the hydrolysis of ferric ion and the slight solubility 
of ferric hydroxide reduces the potential of the Fe++—Fe'^ 
complex sufficiently so that the reaction with oxygen proceeds 
rapidly. This explanation is doubtless approximately correct 
although the actual mechanism may be somewhat more com¬ 
plicated. 

Bray and Hershey also determined the following constants: 

Fe+^ + H 2 O = Fe(OH)^ + H+, K = 6.0 X lO"® 

Fe+++ + Cl- = FeCl^, K = 20. 

Ferric hydroxide is quite soluble in concentrated alkali with the 
formation of ferrite ion, Fe02-. In 40 per cent sodium hydroxide, 

10 Elder, L. W., Trans. Am. Electrochem. Soc., 67, 383 (1930). 

“Jellinek, K., and Gordon, H., Z. physik. Chem., 112, 236 (1924). 



212 IRON, RUTHENIUM, AND OSMIUM 


[Chap. XIV 


ferrous hydroxide forms some hypoferrite, Fe02— Grube and 
Grnelin^^ report in such a solution at 80°, 

FeOa— = Fe02- + e", £ = 0.68 

This value would appear to be consistent with the potential of 
Fe(OH) 2 —Fe(OH)3 couple. 

The ferrocyanide-ferricyanide couple reaches a rapid reversible 
equilibrium, and many concordant values have been obtained for 
cells employing this couple in the form of the potassium salts. 
However, the potential is a function of the potassium ion concen¬ 
tration and the correction to give an accurate E° value becomes 
very large. With equal concentrations of the two negative ions, 
the observed potential is around —0.48. Kolthoff and Tom- 
sicek^® have made a calculation of the E° value and give, 

Fe(CN)6-= Fe(CN)6— + e* E^ = -0.36 

From this potential and our approximate K for ferrocyanide, 
we find, 

Fe(CN)6“”” = Fe+++ + 6CN-, if = ca lO"^^ 

This value seems reasonable in view of the stability of ferri- 
cyanide in alkaline solutions with respect to the formation of 
ferric hydroxide. 

Under conditions in which the above couple had a potential of 
— 0.480, Davidsongave for the potentials of the following 
couples: 

Fe(CN)6(NH3)-“ = Fe(CN)5(NH3)— + e", E = -0.374 

Fe(CN)5(H20)—" = Fe(CN)6(H20)— + c- E := -0.491 

Fe(CN)5(N02)—" = Fe(CN)6(N02)— + e”, E = -0,516 

Schaper^® reported, 

C2O4 Fe(C204)2 = Fe(C204)3 -f* E^ = —0.02. 

This value represents the order of magnitude of the couple but 
cannot be considered to be an accurate E° value. Since the 
dissociation of the Fe(C 204)2 ion is fairly large, the constant for 
Fe(C 204)8 -must be around 10“^^ 

Grube, G., and Gmelin, H., Z. Elektrochem., 26, 466 (1920), 

Kolthoff, I. M., and Tomsicek, W. J., J. Phys. Chem., 39, 945 (1935). 

1 * Davidson, D., J. Am. Chem. Soc., 60, 2622 (1928). 

Schaper, C., Z. physik. Chem., 72, 315 (1910), 
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Ferric ion forms a rather stable complex ion with excess fluoride, 
FeFfi . This ion does not oxidize iodide to iodine, so we may 
estimate, 

6F- + Fe-^ = FeFc-+ e~, > -^0.4 

For the deep red thiocyanate ferric complex, Golzschmidt^* has 
given the following constants: 

re(CNS)8 = Fe+++ + 3CNS-, iC = 2.6 X 10“« 

Fe(CNS)6— - Fe(CNS )3 + 3CNS-, K = 3.1 X 10"^ 

Ferrous and ferric ions form complexes with orthophenan- 
throline. Walden, Hammett, and Chapman^^ give 

Fe(Ci2H8N2)8'^ — Fe(Ci2H8N2)3^ 4“ c“, = —1.14 

This couple has been widely used as an indicator in dichromate 
and ceric sulfate titrations because of the brilliant color change 
from the red ferrous to the blue ferric complex. For the nitro- 
derivative of phenanthroline, the is —1.25. 

Jellinek and Gordon^® gave, 

FeaSs = 2Fe+++ + 3S—, K = lO-*^ 

This would make the free energy of formation of ferric sulfide 
about —55,000 cal. and leads to the following potential: 

S— + 2FeS = FezSa + 2^“, E% = 0.7 

From this value it appears that ferric sulfide should not oxidize 
sulfide to sulfur in alkaline solution, but the two potentials are 
quite close. 

The same authors studied the complex ferric tartrate and 
report for the reaction, 

Fe2(C4H406)3(aq) = 2Fe-^ + 3C4H403“ 

that (Fe"^^) was 10“^® in a solution in which tartrate was 1, 
ferric tartrate was 10“^ and hydrogen ion 10“^^. 

Iron in the +4 and +6 states. In highly alkaline solutions an 
ion anode may be oxidized to ferrate, Fe 04 . This ion resembles 

Golzschmidt, B. A., Izvest. Ivanovo-Voznesensk. Politekh., 7, 51 
(1928). 

Walden, G. H., Hammett, L. P., and Chapman, R. P., J. Am. Chem. 
Soc., 66, 2649 (1933). 

^•Jellinek, K., and Gordon, H., Z. physik. Chem., 112, 241 (1924), 
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permanganate in color and in acid solution evolves oxygen very 
rapidly. Grube and Gmelin^® studied the Fe 02 “—Fe 04 couple 
at 80° in 40 per cent sodium hydroxide and gave a value E = 
— 0.55. Under these conditions they found no formation of 
perferrite, FeOs”". Hypochlorite in alkaline solution appears to 
be unable to oxidize iron to ferrate; hence we shall write 

40H- + Fe02- = FeOr- + 2 H 2 O + Sc", E% < -0.9 

4 H 2 O + Fe-H-+ = FeOr- + 8H+ + 3c- £° < -1.9 

Under certain limited conditions it is probably possible to form 
perferrite, and if the free ion is unstable with respect to the de¬ 
composition into the +3 and +6 states the 1^^002"“—FeOs couple 
must have a lower potential than the Fe 02 ~—Fe 04 couple. 
Slightly soluble perferrites have been prepared. 

Bray and Gorin^^* have discussed the evidence regarding the 
formation of ferryl ion, FeO"^, in ferric solutions by the reaction, 

2Fe-^ + H 2 O - Fe-^ + FeO+ + 2H+. 

A study of the kinetics of a number of ferric reactions at low acid 
indicates the existence of this equilibrium, but no quantitative 
data can be given. 


Ruthenium 

The standard state of the element is the solid metal. Based on 
the estimated values for heat of sublimation, 120 kcal., and the 
entroi)y of sublimation, 44 cal. per degree, the approximate free 
energy of the process is 107 kcal. 

Oxidation states. The controversy over the +1 state seems 
definitely to be settled by the work of Crowell and Yost.^^ The 
blue solution formed by reduction of the +3 complex chloride 
is Ru"^ and the lower state does not exist. In acid solutions the 
important oxidation states are the +3 and +4 which exist in the 
form of many complex ions. Oxidation of +4 ruthenium by 
powerful oxidizing agents forms the volatile +8 oxide, RUO 4 , 
with unstable +6 and +7 compounds as intermediates. These 
latter compounds in the form of RUO 4 and Ru 04 “ are much 
more stable in alkaline solution. In addition to the tetroxide, the 

Grube, G., and Gmelin, H., Z. Elektrochem., 26, 466 (1920). 

Bray, W. C., and Gorin, M. H., J. Am. Chem. Soc., 64, 2124 (1932). 

Crowell, W. R., and Yost, D. M., J. Am. Chem. Soc., 60, 374 (1928). 
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oxides, RU 2 O 3 and RUO 2 , or their hydroxides, may be precipitated 
from solution. 

Ruthenium potentials. The only quantitative data we have 
for ruthenium are the heats of formation of the trichloride, 

— 63,000 cal., and of the dioxide, —52,500 cal. Estimating the 
entro{)y of the former as 41 and the latter as 16, the free energies 
of formation are; RuCb, —49,200 cal.; and RUO 2 , —40,500 cal. 
Hence we compute, 

3CI- + Ru = RiiCbCs) + 3c- = -0.65 

2 H 2 O + Ru = Ru 02 (s) + 4H+ + 4c-, = -0.79 

40H- + Ru = Ru 02 (s) + 2 H 2 O + 4c-, El = 0.04. 

None of tiiese couples have chemifval significance, since the 

solids cannot exist in equilibrium with one molal solutions of the 
ions. However, they do aid in the estimation of the couples 
which we wish to wTite. Thus, in hydrochloric acid, RuCb 
forms RuCb , and Ru ()2 forms RuUbOH . We do not know 
the free energies of these reactions, but in neither case does the 
complex ion appear to be unusually stable. As approximate 
values, the following will be used: 

5C1- + Ru = RuCb— + 3c-, E^ = ca -0.4 

5CI- + H 2 O + Ru = RuCbOII— + H+ + 4c-, 

E° == ca —0.6. 

In choosing these potentials the following facts were considered: 
the RuCU —RuChOH potential must be just a little more 
positive than the Cl”—CI 2 potential, that is, about — 1.2 or —1.3, 
since chloride ion will partially reduce the +4 complex; and the 
Ru—RuCb potential must be greater than —0.55 as it is not 
reduced by iodide. It is, how^ever, reduced by titanous. 

Hot nitric acid will not oxidize the +4 complex to the tetrox- 
ide but hot perchloric a(id does; hence for the RuCbOH — 
Ru 04 potential, —1.5 will be used. On these values the follow¬ 
ing scheme has been constructed: 

0 +2 +3 +4 +6 +7 +8 

Ru-Ru^-RuClft" “-RuClcOH -RUO 4 " '-Ru 04 ~-RUO 4 


-0.4 


- 1.3 1 

.... 


-1.5 
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The ions, Ru"*^, RUO 4 , and Ru 04 '", are unstable in acid with 
respect to their own oxidation and reduction, and potentials 
involving these ions have been chosen to conform with these 
and certain other facts. All values in this scheme are to be 
considered as purely tentative, but the author believes that they 
do permit a coherent interpretation of the chemistry of ruthenium 
in hydrochloric acid solutions. A similar scheme might be 
presented for hydrobromic acid, but the principal difference 
would be a somewhat greater stability of the complex bromides. 

P"or ruthenium in niolal alkaline solution, the following poten¬ 
tials appear to conform with the chemical behavior. 


0.35 0.2 

Ru-RU 2 O 3 — R 11 O 3 ' 

I 0.3 II 


-0.4 


RUO4 ■ 


—Ru04--^Ru04 


- 0.6 


The couple, 

SOH- -h Ru = RUO 4 + 4 H 2 O + 8c-, ES = -0.3 

should be 0.83 volts greater than the couple in acid solution, and 
the value of the Ru 04 ’“—RUO 4 couple should be the same, since 
H^" is not involved. The tetroxide appears to oxidize water 
slowly, but the value —1,0 may be in error by several tenths of 
a volt. Hypochlorite at 80° C. oxidizes the ruthenate, RUO 4 , 
to perruthenate, Ru 04 “", and on to the tetroxide w^hich volatilizes 
from the solution. In general, the estimated values for the alka¬ 
line solution are probably not so reliable as those given for the 
hydrochloric acid solution. The sulfides, RU 2 S 3 and RuS 2 , are 
known but there are no data on their solubilities. 


Osmium 

The standard state of the element is the solid metal. Based on 
the estimated values for the heat of sublimation, 125 kcal., and 
the entropy of sublimation, 44 cal. per degree, an approximate 
figure for the free energy of the process is 112 kcal. 

Oxidation states. In hydrochloric acid, osmium may be 
present as chlorosmite, OsCle , chlorosmate, OsCle—, and 
perperosmic acid, H 2 OSO 6 . These compounds may be classified 
as belonging to the +3, +4, and +8 states. The +2 ion is un¬ 
stable in acid and only a few slightly soluble compounds of this 
state, for example, OsU, are known. Complex ions of the +3 
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and +4 states are formed by Br“, N02“, C2O4 —, NO, NH3, 
and many other groups, but potentials will be considered only in 
the case of the chlorides. Crowell and Kirschman^ have pre¬ 
sented evidence for the existence, in acid, of unstable halogen 
derivatives of perosmic acid, H 0 s 04 (+ 7 ), but it is not certain 
that they were not dealing with osmyl, 0 s 02 "*~^, derivatives. 
In alkaline solution the oxides OS 2 O 3 and OSO 2 or their hydrates 
are precipitated from compounds of the +3 and +4 states. The 
tetroxide forms perperoxmates and although the trioxide of the 
-|-6 state has not been isolated, many osmates, for example, 
K 2 OSO 4 , are known. A large number of osmyl compounds have 
been described, but they appear to decompose in acid solutions. 
There is no evidence of any salts of perosmic acid in alkaline 
solutions. 

The free energy of osmium tetroxide. The only osmium 
compound for which the heat of formation has been determined 
is the tetroxide. Bichowsky and Rossini give —93,600 for OsOiCs). 
As the molecule is probably tetrahedral, it is possible to estimate 
an approximate value for the entropy of the gas; the value 68 
cal. per degree has been chosen. The vapor pressure of the solid 
has been measured but the heats of sublimation of Wartenberg^® 
and Ogawa^^ are not in good agreement. As a rough value we 
shall use 25 as the entropy of the solid and calculate AS° formation, 
81 cal. per degree, and Af°, —69,400 cal. 

4 H 2 O + Os = 0 s 04 (s) + 8H+ + 86-, = -0.85 

The oxide is thus a fairly good oxidizing agent and is reduced to 
the metal in acid solution by almost all other metals. 

Yost and White^® report 

H 2 OSO 5 = H+ + HOsOs-, Ki^ 8X 10-^® 

The solubility of the oxide in water at 18° C. is given as 0.0186 M. 
From these data we calculate for the free energy of HOsOs', 
— 107,000 cal. and 

90H- + Os = HOsOfi- + 4 H 2 O + 8e-, El = -0.02 

** Crowell, W. R., and Kirschman, H. D., J. Am. Chem. Soc., 61, 1695 
(1929); ibid., 64 , 1324 (1932). 

23 Wartenberg, H., Ann., 440 , 97 (1924). 

2 * Ogawa, E., Bull. Chem. Soc. Japan, 6, 302 (1931). 

Yost. D. M., and White, R. J., J. Am. Chem. Soc., 60, 81 (1928). 
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Potentials of other osmium couples. Although there are no 
quantitative data, the potentials involving the intermediate oxi¬ 
dation states of osmium are roughly fixed by known reactions 
of the compounds involved. In making these estimates, the 
potential of the Os—OSO 4 couple is a valuable aid, as the sum of 
the potentials of the reduction in steps is determined by this figure. 
The following scheme summarizes these estimated potentials in 
IM acid solution: 


0 +2 +3 +4 +8 



A saturated solution of the tetroxide or perperosrnic acid is 
almost as strong an oxidizing agent as is bromine. The OsClc— 
is less powerful, and there is some indication that the reduction 
to OsCle is slow with certain reducing agents. Since Os"^ 
is unstable, the Os— Os^ couple must be more negative than 

the Os“^—OsCle couple. Iodide, however, reduces OsCle- 

to form OsU, the slight solubility of the latter compound increas¬ 
ing the energy of the reaction. 

The reaction 

30H- + HOsOs- + OSO 2 = 2 OSO 4 — + 2 H 2 O 

goes as written in 1 AT OH~ but is largely reversed at M 
OH~. Upon heating, the dioxide decomposes, 

20 s 02 = OSO 4 + Os 

and the pressure of OSO 4 is said to reach 1 atmosphere at 650® C. 
From the free energy of OSO 4 , we calculate as an approximate 
value for the free energy of formation of OSO 2 , —50,000 cal. 

50H- + OsOz - HOsOfi- + 2 H 2 O + 4c-, 

El = - 0.2 

With these reactions as a basis, the following scheme of poten¬ 
tials is given for the oxidation states of osmium in alkaline solu¬ 
tion: 
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CHAPTER XV 

Manganese, Masurium, and Rhenium 

The elements of this group have seven valence electrons, and 
their electronic configuration in the monatomic gas atoms is 
to give a ^Sb /2 state. Masurium is so rare that quantities 
sufficient to study its chemistry have not been obtained. The 
oxidation states of manganese range from +1 to +7 and of 
rhenium from —1 to +7. Rhenium in the —1 state is the only 
example of an element in the transition series which is capable 
of adding an electron. 


Manganese 

The standard state of the element is the a solid which is stable 
up to 1108° K. Kelley^ has given the following data for the 
sublimation at 25° C.: A/f°, 69,729 cal.; AF°, 59,535 cal.; AS°(g), 
41.5 cal. per degree. 

Oxidation states. Manganese forms compounds of the man¬ 
ganous ion, Mn*^, and the manganic ion, Mn+++. The corre¬ 
sponding oxides are basic. The +4 oxide, Mn02, is amphoteric, 
but like so many metal dioxides is comparatively inert toward 
both hydrogen and hydroxide ions. The +6 oxidation state is 
represented by manganate ion, Mn 04 , which is stable only in 
alkaline solutions; and the +-7 state is represented by perman¬ 
ganate, Mn 04 “. The +1 complex cyanide has been prepared. 

Manganous ion and its compounds. Metal amalgam-manga¬ 
nous ion electrodes have been studied, but the potentials obtained 
have not been reproducible. The value which may be calculated 
from the third law is probably accurate to 0.03 volts. Bichowsky 
and Rossini give the A//° of formation of the ion as --49.2 kcal. 
Assuming the ionic entropy to be the same as ferrous, the free 
energy of formation of Mn^ is —48,600 cal. 

Mn = Mn-H- + 2c- JS'° = 1.05 

1 Kelley, K, K., U. S. Bur. Mines Bull., 383 (1935). 
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Likewise, using for the hydroxide, = —1634 kcal., and 
assuming 20 cal. per degree for the entropy, the AF° is —143,100 
cal. 

20H- + Mil = Mn(0H)2 + 2e-, E% - 1.47 

Mn(OH )2 = Mn++ + 20H- K = 7A X 10-« 

Sackur and Fritzmann^ reported the solubility product to be 
4 X 10 "^^, and the value 1.3 X 10 "^® was given by Britton.* 
Manganese may be precipitated by cathodic reduction. All- 
mand and Campbell employed a concentrated manganous sulfate 
and ammonium sulfate electrolyte. It appears to be necessary 
to keep the acid concentration low, but if it becomes less than 
pH 6 , considerable oxide forms on the metal surface. 

For the solubility product of precipitated manganous car¬ 
bonate, Ageno and Valla^ gave 8.8 X 10 ""^^ From the thermal 
datawecalculateforAF® of solution 14,200 cal. smdK = 4 X 11~^S 
but the solubility data are probably the more reliable. 

CO 3 ”- + Mn = MnCOa + 2 c-, = 1.35 

MnCOa = Mn++ + CO 3 —, K = 8.8 X lO-^^ 

For the formation of manganous sulfide from its elements, the 
experimental values are: AH^ = —44,900 cal. (by Britzke, et. 
al.^) and AS^ = 3.8. These give for the free energy AF° = 
— 46,000 cal. and for the solubility product, 

MnS = Mn-^ + S—, iC == 5.6 X lO'^® 

KolthofF has reported 7 X 10~^®. 

Manganic potentials. Except at very low concentrations, 
manganic ion is unstable with respect to the decomposition, 

2Mn+^ + 2 H 2 O = Mn02 + Mn-n- + 4H+, 


2 Sackur, O., and Fritzmann, E., Z. Elektrochem., 16, 845 (1909). 

3 Britton, H. T. S., J. Chem. Soc., 127, 2118 (1925). 

^ Allmand, A. J., and Campbell, A. N., Trans. Faraday Soc., 20, 379 
(1924). 

® Cf. Mellor, J. W., Inorganic and Theoretical Chemistry (Longmans, 
New York, 1932), 12, 437. 

® Britzke, E. V., Kapustinskii, A. F., and Veselovskii, B. K., J. Phys. 
Chem. U. S, S. R., 6, 77 (1934). 

7 Kolthoff, I. M., J. Phys. Chem., 86 , 2720 (1931). 
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and no very accurate value can be given for the free energy of 
this reaction. Grube and Huberich® gave, 

Mn-^ = Mn-+^ + e", = -1.51 

which is probably correct within 0.1 volt. The heat of formation 
of the ion, quoted by Bichowsky and Rossini, is obviously for 
the complex bromide. 

A rough value may be calculated for the free energy of forma¬ 
tion of the hydroxide, Mn(OH) 3 . Using = —221,000 

cal. and AS® = —104 cal. per degree, the free energy is AF° = 
-190,000 cal. 

OH“ + Mn(OH )2 = Mn(OH)3 + c", El = 0.4 

Employing the value which we shall use for the free energy of the 
dioxide, we find, 

2Mn(OH)3 = Mn(OH )2 + Mn02 + 2 H 2 O, 

= 20,600 cal. 

From this free energy, manganic hydroxide appears to be stable 
with respect to such a decomposition. However this does not 
prove that it is stable with respect to some manganous manganite, 
as, for example, Mn(H 2 Mn 04 ), and the substance which we have 
called manganic hydroxide may indeed be such a complex. The 
oxidation of manganous hydroxide by oxygen in air is rapid. 

No data can be given for the complex halogen ions of +3 
manganese or for the complex acetate. Cartledge and Ericks® 
investigated the complex oxalates and found, 

Mn ( 0204)3 * 1 “ 2 H 2 O == Mn(C 204 ) 2 (H 20 ) 2 ” + O 2 O 4 , 

a: = 3.8 X 10-3(0° C.) 

Complex manganese cyanides. From the work of Grube and 
Brause^® 

Mn(CN)6“^ = Mn(CN)6““- + e" 

E° = 0.22. 

® Grube, G., and Huberich, K., Z. Elektrochem., 29, 17 (1923). 

» Cartledge, G. H., and Ericks, W. P., J. Am. Chem. Soc., 68, 2069 (1936). 
Grube, G., and Biause, W., Ber., 60 , 2273 (1927). 
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The stability of the +3 complex thus greatly reduces the poten¬ 
tial of the +2 to +3 couple. The authors also report the forma¬ 
tion of a +1 complex with very powerful reducing agents. 

2CN- + Mn(CN)4“— = Mn(CN)6-4 + c", 

= 0.7 

Meyer^^ reported, 

Mn(OH )3 + 3CN- + 3HCN = Mn(CN)6“'"- + 2 H 2 O, 

K = 2.5 X 10"®(0°C.) 

Manganese dioxide, manganate, and permanganate. A gen¬ 
eral lack of agreement is to be noted in the results of numerous 
investigators who have measured couples involving manganese 
dioxide. The difficulty appears to be not so much in the irre¬ 
versibility of a given cell as in the variation of the thermodynamic 
properties of the dioxide, even when prepared under very similar 
conditions. Apparently the variation in free energy may be as 
large as a thousand or more calories, and unfortunately the deter¬ 
mined free energies of manganate and permanganate have in¬ 
volved the value for the dioxide. For this reason, we shall use 
for the free energy of permanganate, the third law value of 
— 100,600 cal., as calculated by Brown, Smith, and Latimer. 
For the of formation of the precipitated Mn02, Bichowsky 
and Rossini gave —115,500 cal. The is —42.4, and one then 
computes AF° = —102,900 cal. We shall use this value, as it 
probably is as reliable as any, subject to the variations noted 
above. The free energy of manganate is obtained from the fol¬ 
lowing equilibrium: 

3Mn04 -f- 2 H 2 O = Mn02 “b 2Mn04“” -}- 40H'“, 

AF° = -1640 cal. 

which was studied by Ruby and by Schlesinger and Siems.^® 
One then calculates for the formation of manganate ion from its 
elements, AF° = —113,100 cal. 

Meyer, J., Z. anorg. Chem., 81, 385 (1913). 

Brown, O. L. I., Smith, W. V., and Latimer, W. M., J. Am. Chem. 
Soc., 58, 2144 (1936). 

Schlesinger, H. I., and Siems, H, B., J. Am. Chem. Soc., 46, 1965 
(1924). 
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A number of half-reaction potentials may now be written. 
Thus for the mangaiiQse dioxide-permanganate couple, 

2 H 2 O -f MnOa = MnOr + 4H+ + 3e- = -1.67 

40H- + MnOa = MnOr + 2 H 2 O + 3e-, E% = -0.57 

Andrews and Brownreported —0.588 for the potential of the 
alkaline rea(*tion. Other investigator*^ report values of from 
— 0.51 to —0.66. For the E^ in acid, the literature contains 
results ranging from —1.55 to —1.79. 

For the manganate-permanganate couple, we calculate, 

Mn04 = ]V'In04~ -4~ c”~, E^ = —0.54. 

Sackiir and Tacgcner,^^ from cell measurements, which might 
be repeated under more favorable conditions, found —0.61. 

For the manganese dioxide-manganatc couple, 

40H“ + Mn02 = Mn04—* + 2 H 2 O + 2c-, E% = -0.58 

For the manganous-manganese dioxide couple in acid solution, 

2 H 2 O + Mn++ = Mn02 + 4H+- + 2e-, = -1.28. 

The value obtained by Brown and Liebhafsky^® from cell meas¬ 
urements was —1.24. Older values are as high as —1.35. 

The Mn+'^'—Mn 04 “ couple in acid solution is one of the most 
important in analytical chemistry. We compute for the overall 
potential, 

4 H 2 O + Mn^ = Mn04- + 8H+ + 56' E^ = -1.52 

The mechanism of a change involving five electrons must obvi¬ 
ously be quite complicated. In the important case of the reduc¬ 
tion by oxalic acid, the formation of complex oxalate ions of +3 
and +4 manganese is probably involved. From the potentials 
of the various steps, it appears that the +4 to +3 reduction has 
a low energy, and the formation of a stable +3 complex may have 
an important bearing on the rate. If the reduction of perman¬ 
ganate in acid solution has to go through the manganate state, 
the low potential of this step would also constitute a barrier. 

Andrews, L. V., and Brown, D. J., J. Am. Chem. Soc., 67, 254 (1935). 
Sackur, 0., and Taegener, W., Z. Elektrochem., 18, 718 (1912). 
Brown, D. J., and Liebhafsky, H. A., J. Am. Chem. Soc., 52, 2595 
(1930). 
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In this connection it is interesting to note that iodide with an 
oxidation potential approximately equal to the Mn 04 —Mn 04 “‘ 
couple reacts instantly with permanganate. Several aspects of 
the problem have been discussed by Polissar.*^ 

From the potential values it may be seen that permanganate 
will oxidize manganous ion to the dioxide in acid solution; hence 
reduction of permanganate to manganous ion occurs only with 
excess of reducing agent. In neutral or alkaline solution the 
reduction generally stops at the dioxide. 

Permanganate is unstable with respect to its reduction by 
water, and at moderately high acid oxygen is slowly evolved. 
The reaction in neutral or slightly alkaline solution is not appre¬ 
ciable in several months in the dark but is accelerated by light. 

In agreement with the potentials, oxygen will not oxidize man¬ 
ganese dioxide to manganate in aqueous alkaline solution, but 
the reaction does occur in fused potassium hydroxide. Under 
these conditions the reaction stops at manganate. 

No value can be given for the solubility of the dioxide in acid. 
The reduction of permanganate to manganous in acid solution 
may occur without the separation of the dioxide, and an appre¬ 
ciable concentration of +4 manganese doubtless is present, 
possibly as MnO"^. A number of complex ions of the +4 state 
are known. Manganites are readily formed by fusion of the 
dioxide with alkalies, but the solubility of the oxide in aqueous 
hydroxide is very low. 

Manganese dioxide electrode in dry cells. It is of interest to 
discuss the manganese dioxide electrode, used so extensively in 
dry cells. Inasmuch as the electrolyte is ammonium chloride, 
it is difficult to write a single net reaction, but the most probable 
equation (written backward for conformity of values) for the 
electrode reaction appears to be, 

NH4OH -h Mn(OH)8 = Mn02 + NH4+ + 2H2O + 

J? = ca 0.8 

Instead of manganic hydroxide, the product may be a mixed +2 
and +4 oxide or some solid solution of these oxides. The reaction 
certainly does not involve the formation of molecular hydrogen 

Polissar, M. J., J, Phys. Chem., 39, 1057 (1935); J. Am. Chem. Soc., 
68 , 1372 (1936). 



Chap. XV] MANGANESE, MASURIUM, AND RHENIUM 225 


on. the electrode and its oxidation by the manganese dioxide, as 
is frequently postulated. The electrode does polarize readily 
but it is doubtless because of the slow rate of diffusion of the 
ammonium ion. 

For the reaction at the zinc electrode, we may write, 

2C1 -f" 2/n = Znd 2 (s) -{- 26~, E = ca 0.7 

By the diffusion of the ammonia, some zinc hydroxide may also 
be formed. The sum of these half-reaction potentials gives 1.5 
volts for the cell potential in agreement with the actual value. 

Summary of manganese potentials. The following scheme 
summarizes the manganese potentials: 

Acid Solution 

Mn-i-5_]vin+^ MnOa —MnOr- MnOr 

[_-1.28_] I_ -1,67 _J 

Basic Solution 

1.47 /r\x^T\ ii/r '“0.5 — 0.58 „ -0.54-. ^ 

Mn-^Mn(OH )2 -Mn(OH)8“ “Mn02-Mn 04 —- —MnOi" 

I I 


Rhenium 

The standard state of rhenium is the metal. No data have been 
obtained for its vapor pressure or heat of sublimation. 

Oxidation states. Compounds of rhenium corresponding to 
all of the oxidation states from —1 to +7 have been reported. 
The metal burns in oxygen with the formation of the oxides, 
Re 207 and ReOa. The former is soluble in water to form the 
strong perrhenic acid, HRe 04 , and the perrhenates are stable in 
both acid and alkaline solution. The ReOa is soluble in alkaline 
solution but the rhenate ion, Re 04 , is unstable with respect to 
its decomposition into perrhenate and the dioxide, Re02. The 
latter is amphoteric but comparatively inert. However, it is 
more soluble in acids than is manganese dioxide. The sesquioxide, 
Re 203 , is precipitated from solutions which contain Re"^"^ in the 
form of complex ions, and the +1 oxide, Re 20 , is said to be pre¬ 
cipitated by the reduction of perrhenate by zinc. The chlorides 
ReCls and ReCU may be prepared at high temperatures and the 
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chloro-acids, H 2 ReCl 6 and HReCU, are stable in acid solutions. 
The pentachloride is unstable in both acid and alkaline solutions, 
giving perrhenate and the dioxide. 

The sulfide, Re 2 S 7 , may be precipitated from perrhenate solu¬ 
tions by hydrogen sulfide. The sulfide appears to be soluble in 
excess of sulfide ion, forming thioperrhenate, ReS 4 ~. The di¬ 
sulfide, ReS 2 , is precipitated by the action of hydrogen sulfide 
upon Rede . 

Zinc in dilute sulfuric acid reduces perrhenate to hydrorhenic 
acid, HRe. 

Rhenium potentials. The only experimental data pertinent 
to the rhenium potentials which we have is the heat of formation 
of perrhenate, —224,200 cal. By comparison with the entropy 
of permanganate and manganese we estimate the entropy of the 
perrhenate ion to be 50 and that of rhenium to b(^ 8 cal. per degree. 
The entropy of formation is then —71.7 and the free'energy, 
-202,800 cal. 

4 H 2 O + Re = ReOr + 8H+ + 7^-, = -0.15 

80H- + Re - ReOr + 4 H 2 O + 7c~, E% = 0.81 

The dioxide appears to be stable in acid solution with respect to 
the decomposition into perrhenate and the metal; hence we 
shall write, 

2 H 2 O + Re = Re02 + 4H+ + 4e-, E° = ca 0.0 

40H- -f- Re = Re02 + 2 H 2 O + 4e-, E^ = ca 0.8 

2 H 2 O + Re02 = ReOr + 4H^- + 3c-, E° = ca -0.3 

In fairly con(;entrated hydrochloric acid, iodide reduces per¬ 
rhenate to chlororhenate, 

4 H 2 O + ReClfi— = ReOr + 6C1- + 8H+ + 3c“, 

E^ = ca -0.5 

6C1- + Re = ReClfi— + 4e- E^ = ca 0.1. 

Since the chlororhenite ion is stable, 

4C1- + Re = ReCh- + 3e-, E^ > OA. 
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Lundell and Knowles^® have prepared rhenide, Re~, in solution 
by reduction o^ perrhenate with zinc in dilute sulfuric acid. 
Rhenide is readily oxidized, and the following value must 
be reasonably close: 

Re“ = Re + e”, = ca 0.4 

The potentiometric titration curve given by these authors indi¬ 
cates the presence of Re+. The E"^ for the Re”Re+ couple would 
appear to be about 0.2, but the results are not conclusive. 

Summary of rhenium potentials. A summary of these very 
tentative values for the potentials in acid solution is given below: 

_ -0.15 _ 

^ ca 0.4 J caO.2^ ^ ^ ca -0.3 ^ 

-Re-^C?)-Re'^-Re02-ReOr 

I ca 0.0 I 


It is to be noted that these potentials are much lower than that 
of the water-oxygen couple, so rhenium in all lower oxidation 
states is readily oxidized by oxygen to the perrhenate. 

In dilute sulfuric acid, perrhenate is cathodically reduced to 
the metal. The relative concentrations of the intermediate 
rhenium ions in the reduction process are not known. 


Lundell, G. E. F., and Knowles, H. B., U. S. Bur. Standards J. Re¬ 
search, 18, 629 (1937). 
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Chromium, Molybdenum, Tungsten, and 
Uranium 

The elements of this group have six valence electrons. In the 
gas atoms both the and the s^d'^i^Do) states are close 

together, the lowest energy being in the former state for the two 
lighter elements and in the latter for the heavier members of 
the group. The oxidation states range from +2 to +6. With 
each element the highest state is important, but the lower ones 
vary considerably in their stabilities with the different elements. 

Chromium 

The standard state of the element is the solid motal. For the 
sublimation at 25® C., Kelley^ has given the following data: A/f®, 
89,368 cal.; AF®, 78,627 cal.; and AaS®, 36.03 cal. per degree. 

Oxidation states. Chromium forms compounds having the 
oxidation numbers +2, +3, and +6. The +2 state is basic. 
The chromous ion is such a powerful reducing agent that it is not 
very stable in water solutions even at low hydrogen-ion concen¬ 
trations, The +3 state is amphoteric, forming compounds of the 
chromic ion with acids and chromites with bases. Chromium 
trioxide, CrOs, is soluble in water. One of the principal charac¬ 
teristics of the trioxides of this group is the formation of poly¬ 
acids; hence in addition to the chromate ion, Cr 04 , dichromate, 
Cr 207 , and even the tri- and tetrachromates, CraOio and 
Cr 40 i 8 , are known. The latter two, however, are not im¬ 
portant. A few derivatives of the chromyl ion, Cr02'^, may also 
be prepared. The blue peroxychromic acid is well known, but 
there are no data on its reduction potential. 

The free energy of chromic ion. Grube and Schlecht* and 
other investigators have sought to measure the potential of the 

1 Kelley, K. K., U. S. Bur. Mines Bull., No. 383 (1936). 

* Grube, G., and Schlecht, L., Z. Elektrochem., 32, 178 (1926); ibid., 
38, 112 (1927). 
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Cr—couple through the intermediate chromous ion. The 
JS® values obtained for the metal-chromic couple are around 0.51. 
However this value is not in agreement with the thermal data. 
Choosing the most favorable data, the lowest value one can calcu¬ 
late is 0.67. It seems advisable to assume that the chromium 
electrode is not reversible and to rely entirely upon the third law 
calculations, even though these are at best rather sketchy, and a 
number of our calculated potentials may be in error by 0.1 volts. 

Two important chromic ions will be considered. One is the so- 
called ^Violet ion^' which is generally considered to be Cr(H20)o'^^ 
and will be written simply as Cr*^, and the other is the green 
ion, stable in chloride solutions, CrCl 2 (H 20 ) 4 “, which will be 
written CrCL". Lamb and Fonda^ studied the hydrolysis of 
these ions and reported, 

Cr^ + H 2 O = CrOH-H^ -h H+, X = 1.5 X 10"' 

CrCls-^ + H 2 O = CrOH++ + + 2C1-, - 1.9 X 10-^ 

from which one computes, 

CrCh-^ = Cr^-^ 2C1-, A = 1.26 X 10 ^ 

AF^ = 2600 cal. 

Bichowsky and Rossini discuss three values for the heat of for¬ 
mation of CrCb'^ by different methods which are fairly con¬ 
sistent. We shall use A//° = —128,000 cal. and assume 28 cal. 
per degree for the entropy of the ion. This latter value is prob¬ 
ably correct to within 5 entropy units. AF° = —114,100 cal. and 

2C1- + Cr = CrCls^ + 3e“ = 0.74 

Similar calculations might be made for the green sulfate and 
bromide ions. Hundreds of complex chromic ions with the 
halogen, ammonia, cyanide, thiocyanate, and nitrite are known, 
but the data are purely qualitative. 

Combining with the free energy for the conversion to the purple 
ion, one computes for the free energy of formation of Cr"^. 
— 49,000 cal. 

Cr - Ci^ + 3e“, = 0.71 

For a discussion of the electrolytic precipitation of the metal, 
see dichromate. 


* Lamb, A. B., and Fonda, G. R., J. Am. Chem. Soc., 43, 1155 (1921). 
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Chromic hydroxide. The formula^ of the precipitated hydrox¬ 
ide appears to be Cr(OH )3 *31120. Bjerrum^ found 

Cr(OH) 3 (ppt) + 2H+ = Cr(OH)^ + 2 H 2 O, 

K = 1 X 10\ 

This, with the constant for the hydrolysis of Cr^, gives 

Cr(OH )3 = Ci^ + 30H- K = 6.7 X 

and for the free energy of formation of the hydroxide, AF° is 
ca —202,700 cal. Although it is difficult to estimate the entropy 
of the hydrated hydroxide, a value of 55 cal. per degree would make 
the free energy of precipitation appear to be in reasonable agree¬ 
ment with Recoura^s® heat of solution, 21,000 cal., of the precipi¬ 
tated hydroxide in acid to give the ptirple ion. We may then 
write for the metal-chromic hydroxide couple, 

30H- + Cr = Cr(OH )3 + 3^?“, E% = 1.3 

An approximate value for the free energy of chromite may 
be obtained from the work of Fricke and Windhausen cited 
above. These authors found that in dilute hydroxide, the ion, 
Cr02~, presumably is found, while at concentrations above 10 M 
NaOH the principal ion is CrOs , but at high concentration of 
hydroxide the total solubility is low, since the sodium salt is not 
very soluble. From their solubility data, 

Cr(OH )3 + OH- = Cr02- + 2 H 2 O, iC = 9 X 10"' 

Cr(OH )3 = Cr02- + + H 2 O, K = 9 X lO'^^ 

One computes for the free energy of the ion, Cr02^, —123,000 cal. 

40H- + Cr = Cr02- + 2 H 2 O + 3c-, FS = 1.2 

Chromous ion. Grube and Breitinger,^ by direct cell meas¬ 
urement, found 

Cr++ = Cr+-H- + 6- = 0.41 


* Cf. Fricke, R., and Windhausen, 0., Z. anorg. allgem. Chem., 132, 
273 (1924). 

* Bjerrum, N., Z. physik. Chem., 73, 740 (1910). 

® Recoura, A., Compt. rend., 110, 1029 (1^9). 

^ Grube, G., and Breitinger, G., Z. Elektrochem., 33, 112 (1927). 
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The free energy of chromous ion then is -39,400 cal. Bennett® 
reported 2 X 10“^® for the solubility product of chromous hydrox¬ 
ide but the value appears to be too small. 

Chromate and dichromate. The entropy of chromate ion has 
been obtained by Smith, Pitzer, and Latimer® from the specific 
heat-temperature curve and the entropy of solution of silver 
chromate. These authors have calculated for the free energy'' of 
formation of chromate ion, —171,400 cal. Neuss and Rieman^® 
gave the following data: 

HCrOr = H+ + Cr 04 —, K = 3.2 X 10-^ 

= 8850 cal. 

CrjOT— + H/J = 2HCr04- if = 2.3 X 10~^ 

AF° = 2240 cal. 

The following AF° values for the formation of the ions may be 
calculated: HCr 04 ~, —180,250 cal. and Cr 207 “~, —306,000 cal. 

The potentials for the +3 to +6 couples are then determined 
by the free energies of chromium in the two oxidation states. 

7 H 2 O + 2Ci^^ = CT 2 O 7 -'- + 14H+ + 6e-, = -1.36 

50H- + Cr(OH )3 = Cr04— + 4 H 2 O + 3e“, El = 0.12 

Values in the literature are around —1.3 and 0.1 in agreement 
with these calculations. In lAf H+, dichromate is not a very 
rapid oxidizing agent and it is difficult to measure the Cr"^ - 
Cr 207 couple directly. Potential measurements in alkaline 
solution are fairly reproducible, but the reduction probably forms 
basic chromic chromate, CrOHCr 04 , or some other intermediate 
compound; hence it is not to be expected that the experimental 
values will be in close accord with our calculated potentials for 
the alkaline solution. We are unable to give a value for the free 
energy of the basic chromic chromate. It will bo observed that 
hydrogen ion enters into the equations for the e.m.f. at a high 
power, and chromic acid in concentrated solutions becomes a very 
strong oxidizing agent. 


« Bennett, W. H., Trans. Faraday Soc., 28, 889 (1932). 

• Smith, W. V,, Pitzer, K. S., and Latimer, W. M., J. Am. Chem. Soc., 
59, 2642 (1937). 

Neuss, J. D., and Rieman, W., J. Am. Chom. Soc., 66, 2238 (1934). 
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Metallic chromium may be plated by cathodic reduction from 
concentrated solutions of chromic acid containing sulfuric acid 
or chromic sulfate. The reduction process uses up hydrogen 
ions and a film of the basic chromic chromate appears to be 
formed on the cathode. In pure chromic acid solutions but little 
chromium is deposited and hydrogen is liberated. The explana¬ 
tion has been offered that only hydrogen ion can penetrate the 
chromic chromate diaphragm, but if sulfate is present it in some 
way acts to break the continuity of the film, and the reduction of 
the chromium proceeds. The sulfate is thought to aid in stabiliz¬ 
ing a layer of chromous ions on the metal surface, which is im¬ 
portant as the reduction doubtless goes through this state. 

It is difficult to oxidize chromic ion to chromate at a platinum 
electrode. However, at a lead anode, or if some lead salt is added 
to the electrolyte, the oxidation is highly efficient. It seems 
probable that the Pb'^"“Pb 02 couple is involved in the mecha¬ 
nism of the reaction. 

Chromyl chloride. The heat of formation of liquid chromyl 
chloride is given as —134,600 cal. A rough estimate of 50 cal. 
per degree for the entropy would make the free energy —117,000 
cal. One then calculates for the hydrolysis of the liquid, 

2Cr02Cl2 + 3 H 2 O = Cr207— + 6H+ + 401", 

AF° = -27,000 cal. 

This value appears to be reasonable in view of the formation of 
the chromyl compound by distillation of dichromate with con¬ 
centrated sulfuric acid in the presence of chloride. 

Molybdenum 

The standard state of the element is the solid metal. Kelley^ 
calculates from the data by Langmuir and his co-workers for 
the sublimation of molybdenum: 155,493 cal.; AF®, 144,571 

cal.; AS®, 36.7 cal. per degree. 

Oxidation states. The most important oxidation state is the 
4 - 6 , and the chemistry of this state is largely that of the oxide, 
M 0 O 3 , and its compounds. Some idea of the complexity of the 
polymolybdic acids is gained by the following series of ions, re- 


“ Cf. Miller, E., Z. Elektrochem., 82 , 399 (1926); ibid., 40 , 326 (1934). 
« Kelley, K. K., U. S. Bur. Mines Bull., No. 383 (1935). 
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ported by Jander, Jahr, and Heukeshoven^® as formed by the 
addition of hydrogen ion to an alkaline molybdate solution: 
MoOr- MoaOn-^ HCMoaOu)-^ HMoeOar'' HaMoaOsr' 
—► H8M0602i“* HTMOiaO^"”* H7M024078'“‘^ H9M024078~® 

H 12 M024078* 

The dioxide, +4 state, is formed at high temperatures, but it is 
unstable in water solution. The reduction of molybdic acid at low 
hydrogen-ion concentrations forms the blue oxide, M 03 O 8 5 H 2 O, 
which is probably (Mo 02 ) 2 Mo 04 . At high acid, the ions of the 
+5 state are probably Mo02'^ or even MoO"^. Further reduc¬ 
tion gives the +3 state. The ion or MoO"*" appears to be 

present in the olive-green solutions, and at high concentrations 
of hydrochloric acid the solution turns red, probably with the 
formation of Mode . However, Wardlow and WormelP^ 
claim that the green and red substances are cis-trans isomers of 
the formula MoOCl- 4 H 20 . Although the halogen complex ions 
of +4 molybdenum do not appear to be stable, the cyanide, 
Mo(CN) 8 "^, is known. The solid tetrachloride, M 0 CI 4 , has been 
prepared but it is decomposed in water to give the +3 and the +5 
states. The dichloride M 0 CI 2 or MoaCle may be formed at high 
temperatures. It does not react readily with water but is prob¬ 
ably slowly decomposed. 

The trisulfide is acidic and dissolves in excess sulfide ion. The 
solution may be reduced by zinc to the +5 sulfide, M 02 S 6 . The 
disulfide, M 0 S 2 , exists in nature and the sesquisulfide has been 
prepared. No thermodynamic data can be given for any of the 
sulfur compounds. 

The free energy of molybdate and molybdic acid. The heat of 
formation of molybdate is given as —243,500 cal. By comparison 
with chromate, the estimated entropy of the ion is 14 entropy 
units. The free energy of formation is then calculated to be 
— 208,000 cal. 

80H- -f- Mo = M 0 O 4 — + 4 H 2 O + 6e-, El = 0.97 

Similarly from the heat of formation of the trioxide, —176,500 
cal. and its estimated entropy of 17, the free energy is —157,600 
cal. 

Mo + 3 H 2 O = MoOaCs) + 6H+ + 6e-, E" = -0.1 

” Jander, J., Jahr, K. F., and Heukeshoven, W., Z. anorg. allgem. Chem., 
194 413 (1930). 

Wardlow, W., and Wormell, R. L., J. Chem, Soc., 130 (1927). 
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Although the hydrated oxide is not very soluble in water, the 
vapor pressure measurements on the hydrate indicate that the 
free energy of hydration is fairly large. Without implying that 
the solution actually contains the molecular species H2M0O4, 
we shall write 

4 H 2 O + Mo = H 2 Mo 04 (aq) + 6H+ + = ca 0.0 

The reduction of molybdic acid to the +6 and +3 states. At 

1 M H+ the reduction of molybdic acid yields molybdenum blue. 
As a rough estimate, 

4 H 2 O + (Mo02)2Mo 04 = 3H2Mo04(aq) + 2H+ + 2c-, 

= ca -0.6 

2 H 2 O "I- Mo02^ = H 2 Mo 04 (aq) 2H“^ -f- c~, 

E° = ca —0.4. 


A powerful reducing agent is required to carry the reduction to 
the olive green +3 ion. The +3 state is stable with respect to 
its own oxidation and reduction; and, in keeping with this fact and 
the overall potential, we estimate, 

2 H 2 O + Mo+^ = M 0 O 2 + + 4H+ + 2e-, E^ = ca 0.0 


Mo = Mo+^ + 3c-, E^ = ca 0.2 

Foerster, Fricke, and Hausswald^'’ have studied the potentials 
in hydrochloric acid. Their values for the 2 N acid may be 
summarized in the following scheme: 

TV/r O-r,/ N 0.25 TV, .. — 0.53 TV, 

Mo'+'Kg)--Mo"^ 

-0.11 I 

Mo+Kr)-' 


We are unable to assign formulae to the molybdenum chloride 
complexes in these various oxidation states. The red and green 
ions of the +3 state have been discussed above. A number of 
+5 chloride ions are known, for example, M 0 OCI 5 — and MoOCh" 
and salts of the +6 state, such as Na(Mo 02 Cl 3 ) and Na 2 (Mo 02 Cl 4 ), 
have been prepared. The reduction of molybdic acid to Mo“^ 


Foerster, F., Fricke, E., and Hausswald, R., Z. physik. Chem., 146, 
177 (1930). 
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by passing the acid solution through a Jones reductor (Zn) is a 
standard quantitative procedure in analytical chemistry. 

The hydroxide Mo(OH )3 does not appear to be stable in alkaline 
solutions. 

Molybdenum cyanides. A large number of complex cyanide 
ions have been reported. Kolthoff and Tomaicek^ have given 
the following potential: 

Mo(CN) 6 -^ = Mo(CN) 6 -^ + C-, = -0.73 

However, as in the case of the ferro-ferric cyanide couple, the 
activities of the ions are difficult to obtain and the E° value cannot 
be accurately calculated from the measured potential. 

Molybdenum dioxide. From the heat of formation of the 
dioxide, —130,000 cal., and the estimated entropy of the oxide, 
16 cal. per degree, the free energy is —118,000 cal. This value 
would make the oxide unstable in alkaline solution, 

6 M 0 O 2 + 80H- = 4 M 0 O 4 — + 2 Mo + 4 H 2 O, 

= -50,000 cal. 

Likewise, from our approximate values for the free energies of 
Mo"^^, —13,800 cal., and of H 2 M 0 O 4 , —227,000 cal., the oxide 
also appears to be unstable in acid solution. 

3M0O2 + 6 H+ = 2 Mo+^ + H2Mo04(aq) + 2H2O, 

= ca -14,000 cal. 

Molybdenum peroxide. From the heat of formation of the 
peroxide, M 0 O 4 , in aqueous solution and an estimated entropy, 
we give as an approximate value 

H 2 M 0 O 4 - Mo 04 (aq) + 2 H+ + 2 c-, = ca - 1.6 

Tungsten 

The standard state of the element is the solid metal. Kelley'^ 
calculated from the measurements of Langmuir and his co-workers 
and of Zwikker, for the process of sublimation: A/f®, 202,660 cal.; 
AF®, 191,500 cal.; and AaS°, 33.4 cal. per degree. 

Oxidation states. The oxides, WO2, W2O6, and WO3 are well 
known, although the +5 oxide may be a complex compound con- 

Kolthoff, I. M., and Tomsicek, W. J., J. Phys. Chem., 40, 247 (1936). 

Kelley, K. K., U. S. Bur. Mines Bull., 383 (1935). 
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taining some WO3 as its composition approaches the formula 
W4O11. Complex ions of the +3 state, such as WCU , may be 
prepared, but the simple +3 ion is probably unstable. Likewise 
complex halogen and cyanide ions of the +4 and +5 states exist 
in water solutions, but there are no simple oxygen ions. None of 
the lower oxidation states appear to be stable in alkaline solution. 
Tungstic oxide, like molybdic oxide, forms innumerable complex 
acids. The normal salts, for example, Na 2 W 04 , are readily pre¬ 
pared, but the paratungstates, for example, NaioWi 204 i, are more 
common. Monotungstic acid, H2WO4, does not dissolve appre¬ 
ciably in water, but the paratungstic acid is readily soluble. The 
trisulfide is acidic, forming thiotungstates, WS4 , but no quanti¬ 
tative data are available. 

Free energies of the oxides. The data on the third-law calcula¬ 
tions of the free energies of the tungsten oxides are summarized 
in Table 30. The entropies of the oxides are estimates. 


Table 30 

FREE ENERGIES OF TUNGSTEN OXIDES 


Oxide 

Entropy 

AS* 

A//* 

AF* 

WO 2 

(16) 

-41.0 

-130,500 

-118,300 

W 2 O 5 

(34) 

i -105.0 

-324,0(K) 

-293,000 

WO 3 

(18) 

-81.0 

1 

-195,700 

-171,400 


From these free energies, the half-reactions relating the oxides 
in acid solution may be calculated. 

2 H 2 O + W = WO 2 + 4H+ + 4e- = 0.05 

H 2 O + 2 WO 2 = W2O5 + 2H+ + 2e- E^ = 0.00 

H 2 O + W 2 O 6 = 2 WO 3 + 2H+ + 26-, E^ = -0.15 

These potentials indicate that the lower oxides are stable in acid 
solution with respect to their decomposition into the metal and 
the trioxide. 

From the recorded heat of formation of the acid, H2WO4, one 
calculates approximately 0.7 for the W2O5—H2WO4 couple, which 
is obviously too high. The error apparently lies in the heat of 
hydration of the oxide as determined by Hiittig.^® 


Hiittig, G. F., Z. anorg. allgera. Chem., 122, 44 (1922). 
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The free energy of tungstate. The calculation of the heat of 
formation of tungstate involves the same error as that which 
appears to exist in the calculation of the heat of formation of 
the acid. Estimating AlP as -256,000 cal. and the entropy of 
the ion, WO 4 , as 16 by comparison with chromate, the free 
energy is found to be — 220,000 cal. 

80H- + W = WO4— + 4H2O + 6c~, 

E% = ca 1.1 

This value makes the oxides, WO 2 and W 2 O 5 , unstable in alkaline 
solution. 


3WO2 + 40H- - W + 2WO4— + 2H2O, 


= ca -48,000 cal. 

3 W 2 O 6 + lOOH- = W + 5 WO 4 -- + 5 H 2 O, 

= ca -130,000 cal. 

The reduction of tungstate in hydrochloric acid. Collenberg 
and Guthe^® studied the reduction of tungstate in concentrated 
hydrochloric acid. The formulas of the complex ions involved 
are not known, but those used in the following scheme correspond 
to Salts which have been crystallized from the corresponding 
solutions: 


W2CI9-(g)' 

WCh—co¬ 


ca 0.1 


-WCl5“- 


ca 0.1 


-WOCI4-- 


-0.26 


-WO2CI3- 


ca 0.4 


The only potential which they were able to measure was for the 
+5 to +6 step. Solutions containing the red +3 complex 
readily evolve hydrogen. 

Collenberg^® also obtained a measurement of the potential of 
the +4—h5 cyanide complex ions. 

W(CN)8-^ = W(CN)r^ + e-, E = -0.57 

No accurate value can be calculated for ions of such high charge. 
This potential indicates that the stability of the +4 complex 
must be very much greater than that of the oxychloride. 


Collenberg, O., and Guthe, A., Z. anorg. allgem. Chem., 136, 252 
(1924). 

Collenberg, O., Z. physik. Chem., 109, 353 (1924). 
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Uranium 

The standard state of the element is the solid metal. There 
are no data on the vapor pressure of uranium. 

Oxidation states. The oxides UO2 and UO3, as well as the 
intermediate oxide UaOg and probably U 02 - 2 U 03 or U(U04)2, 
are stable. The +3 oxide, U2O3, does not appear to be stable 
above 100® C., but the hydroxide U(OH )3 may be precipitated. 
Complex ions of the +3 and +4 states exist in solution. The 
pentachloride, UCL, is known but is decomposed into complex 
+4 and +6 ions by water. Hydrates of the trioxide, UO3 H2O 
and U 03 - 2 H 20 , are quite soluble in acids, forming compounds of 
the uranyl ion, U02’^. This ion is remarkably stable, and has 
the properties of a large simple doubly charged metallic ion. 
Most of its salts are soluble. The addition of alkalies to uranyl 
solutions precipitates alkali diuranates, for example, K2U2O7. 
The mono-salts may also be prepared—for example, Na 2 U 04 . 
The tendency to form complicated poly-acids, which is charac¬ 
teristic of the trioxides of this group, is somewhat repressed in the 
case of uranium by the formation of uranyl ion in acid solutions, 
and by the very slight solubility of the diuranates in general. 

Free energy of uranyl ion. From thermal data, 

U + 2 H 2 O + 2H+ = U02^ + 3 H 2 , = -106,300 cal. 

We know very little about the entropy of ions such as U02^^ 
but an estimate of 5 cal. per degree must be fairly close. A#S® is 
then 23.8 and AF®, —113,400 cal. 

2 H 2 O + U = UOz^ + 4H+ + 6e-, = 0.82 

This corresponds to a free energy of formation of —226,800 cal. 
for U 02 -^. 

For the solution of the acid, H2UO4, in hydrogen ion, 

H2UO4 + 2H^- = UOz-^ + 2H2O, A//® = -14,850 cal. 

An estimated AS® of 11 would make AF® = —18,100 cal. and 

U 02 ( 0 H )2 = U 02 -^ + 20 H-, if = 2 X 10 “'^ 

Uranyl ion forms a number of slightly soluble compounds, 
the more important being; NH4UO2PO4, K2U02Fe(CN)#, 
Na 4 U 02 (C 03 ) 3 , U02(I08)2, and UO2S. The latter decomposes 
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readily into the dioxide and sulfur. Na^solubility products can 
be given for these compounds. 

Since the alkali salts are but slightly soluble, the free energies 
of these salts and not the uranate ions are important in the 
interpretation of the chemistry of uranium in alkaline solution. 
Only sodium uranate will be considered. A value for the diura- 
nate would be preferred but the data appear less reliable. Bi- 
chowsky and Rossini gave —500,000 cal. for the heat of formation 
of the salt Na 2 U 04 . A value of 50 cal. per degree is probably 
within 5 units of the correct entropy. One then computes AE® 
to be —475,000 cal. 

2Na+ + 80H- + U = Na 2 U 04 + 4 H 2 O + 6c-, ES = 2.0 

Uranium dioxide. A third law calculation for the dioxide, 
UO 2 , using a value of 18 for the entropy of the oxide, gives for AF®, 
— 242,200 cal. For the potentials in acid solution, 

2 H 2 O + U = UO 2 + 4H+ + 4e-, = 1.40 

UO 2 = UOa-^ + 2c-, E^ = -0.33 

Luther and Michie^^ reported, 

2 H 2 O + U(S04)2(aq) = U02^ + 2SOr- + 4H+ + 2c-, 

E^ - -0.42 

Since the precipitated oxide is readily soluble in sulfuric acid, 
the agreement between the two potentials is reasonable. Nothing 
is known regarding the activities of the U(S 04 ) 2 ; hence the Luther 
and Michie value calculated from concentrations is highly ap¬ 
proximate. 

The free energy calculated for the following reaction would 
make the oxide stable in alkaline solution with respect to its 
own oxidation and reduction. 

3 UO 2 + 4Na+ + 40H- = U + 2 Na 2 U 04 + 2 H 2 O, 

AF° = 63,000 cal. 

Uranium in the +3 state. Acid solutions containing uranium 
in the +4 state may be reduced at a suitable cathode or by zinc 


Luther, R., and Michie, A. C., Z. Elektrochem., 14, 826 (1908). 
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to U"*^ or some complex of this ion. The resulting solutions 
evolve hydrogen readily; hence we may write, as rough value, 

U+3 = u+4 + c”, = ca 0.5 

The hydroxide appears to be stable but there are no quantitative 
data. 

Summary of group potentials. In order to compare the poten¬ 
tials of the group as a whole, the following summary is given for 
the potentials in acid solution. 


0 +2 +3 +4 +5 


0.86 0.41 

Qj.-- Cr'^^“ 

I 0.71 I 


1.36 


+6 

•^Cr207 


ca 0.2 ca 0.0 ca —0.4 

M o-M 0+^ -M o02"^ M 0O3 (aq) 

I 0.0 I 


<0.05 >0.05 0.0 -0.15 

W- ---W+3 .WO 2 — WjOs-WOsCs) 


0.05 


u- 


ca 1.7 


ca 0.5 

U-*“--UO2 


-0.34 


-UO 2 




CHAPTER XVII 


Vanadium, Columbium, Tantalum, 
and Protoactinium 

The elements of this group have five valence electrons. In 
monatomic vanadium the lowest electronic state is 
and in columbium probably The lowest state of 

the two heavier elements is uncertain but is doubtless either 
the or ^D. 


Vanadium 

The standard thermodynamic state of the element is the solid 
metal. Bichowsky and Rossini have estimated the heat of 
sublimation to be 85,000 cal. The entropy of V(g) may be 
approximated by adding R In 4 to the value given by the kSackur 
equation which gives 40.3. of sublimation then is 33.3 cal. 
per degree and AF®, 75,000 cal. 

Oxidation states. Vanadium forms the oxides VO, V2O3, 
VO2 and V2O5. The two lower oxides are basic and give the ions 
V"^*^ and V"^ in solution. The +4 oxide, often written V2O4, 
dissolves in acids with the formation of vanadyl ion, VO"^, and 
salts of this ion with most acid ions are well known. Although 
the oxide is not readily soluble in alkalies, vanadites may be 
prepared, for example, (NH 4 ) 2 V 205 . The various ions present in 
solutions of the pentoxide in acids and bases are discussed below. 
The pentasulfide, V 2 S 6 , is acidic and dissolves in excess sulfide ion 
forming thiovanadates. Upon ignition the pentasulfide is reduced 
to the sesquisulfide, V 2 S 3 . The +2 sulfide, VS, appears to be 
formed at high temperatures. No quantitative data can be 
given for any of these sulfur compounds. 

Vanadic acid and the vanadates. The solubility of vanadic 
oxide in water, as determined by Meyer and Aulich,^ is 0.0043 M. 
The determination of the constitution of this solution has been a 


1 Meyer, J., and Aulich, M., Z. anorg. allgem. Chem., 194, 282 (1930). 
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problem of singular difficulty. The earlier work of Diillberg^ has 
been largely verified by the investigations of Bray and Tihenko.* 
The principal negative ion in the solution is H 2 V 6 O 17 , that is, 

the first two steps in the ionization of the corresponding acids are 
complete. This is in agreement with the ratio of Y/W' observed 
by Britton.^ For the third ionization, Bray and Tihenko found, 

HjVeOw— = HVcOn”- + H+ X = 1.1 X 10~» 

and they estimate ca. 10”^ for the last step. From this data we 
could calculate the free energies of these hexavanadate ions in 
terms of the pentoxide but we can give no absolute values, since, 
as we shall see, the free energy of formation of the oxide is not 
accurately known. 

Metavanadates, for example, NaVOs, give in solution the ion 
VsOg , the structure probably being a ring of three vanadium 
and three oxygen atoms alternating with two additional oxygens 
attached to each vanadium. The coordination number of the 
vanadium is thus four. With the addition of acid, two of the 
VaOcj ions combine to give H 2 V 60 i 7 , but the equilibrium 

constant has not been obtained. 

Orthovanadates, for example, Na 8 V 04 , are formed by fusing the 
oxide with alkalies. In solution they appear to hydrolyze with 
the formation of the divanadate ion, V 2 O 7 . In these ions the 
coordination number of four is again maintained. The divanadate 
ion is probably unstable with respect to the metavanadate com¬ 
plex, but this is not certain, and the rate of transformation is slow. 

The addition of hydrogen ion to a vanadic acid solution forms 
pervanadyl ion, V02"^, or more probably V(OH) 4 '^. From the 
solubility of vanadic oxide in nitric acid, determined also by 
Meyer and Aulich, 

Y 2 O, + 2H+ + 3 H 2 O = 2V(0H)4+, - ca. 2500 cal. 

Nothing is known regarding the mechanism of the formation of 
the hexavanadate by the addition of hydroxide to the pervanadyl. 

* DUllberg, P., Z. physik. Chem., 46, 129 (1903). 

* Bray, W. C., and Tihenko, V. J., (unpublished material, University of 
California). 

* Britton, H. T. S., J. Chem. Soc., 1842 (1934). 
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The vanadyl-pervanadyl couple. From the work of Carpenter/ 
and Coryell and Yost® 

3 H 2 O + VO^ = V(0H)4+ + 2H+ + 6- = ---1.000. 

Vanadic acid at 1 Af hydrogen ion is thus a fairly powerful oxidiz¬ 
ing agent and is converted to vanadyl by moderately strong 
reducing agents. 

The and V++—couples. Foerster and 

Bottcher^ report, 


H2O + = VO-H- 4- 2 H+ -i- 

y4_H _ ^ 


= -0.314 
E° = 0.20. 


The solubilities of the hydroxides, VO(OH)2, V(OH)3, and V(OH)2, 
are not known; hence no values can be given for any of the vana¬ 
dium couples in alkaline solution. However all these hydroxides 
appear to be stable with respect to their own oxidation and 
reduction. Vanadous ion is a powerful reducing agent and the 
vanadous hydroxide is extremely powerful. This seems to indicate 
that the vanadic hydroxide is much less soluble than the vanadous. 

The free energy of the vanadium oxides. The heat of com¬ 
bustion of vanadium to give a mixture of oxides has been de¬ 
termined. From this and other data Bicliowsky and Rossini have 
calculated the following AH^ values: V 2 O 2 , —195 kcal.; V 2 O 3 , 
—330 kcal.; V 2 O 4 , —383 kcal.; V 2 O 6 , 437 kcal. Since the entropies 
are known, a computation gives the following corresponding AF® 
values in calories: —182,000, —311,000, —357,000 and —406,000. 
The potentials relating the various oxides and the metal in acid 
solution are given by the following scheme: 


0.75 


-V 2 O 2 


1.57 


-V2O3 


-0.23 


V 2 O 4 - 


-0.17 


V2O, 


Since the oxides are soluble in acids, the potentials, at least in the 
thermodynamic sense, have little chemical significance. How¬ 
ever, we wish to point out that on the basis of any reasonable 
assumptions regarding the free energies of solution of the oxides, 
these potentials cannot be brought into agreement with the 


Carpenter, J. E., J. Am. Chem. Soc., 56, 1847 (1934). 

• Coryell, C. D., and Yost, D. M., J. Am. Chem. Soc., 66, 1909 (1933). 
’ Foerster, F., and Bottcher, F., Z. physik. Chem., A161, 321 (1930). 



244 


SUBGROUP V ELEMENTS 


[Chap. XVII 


values given above from direct cell measurements. We are 
therefore forced to conclude that the errors in the heats of forma¬ 
tion must be unusually large. 

The metal—couple* If we accept the free energy of 
vanadium pentoxide, calculated above, and the free energy of 
solution of the oxide in acid, the value for the V—couple 
would be approximately 1.8. On the other hand the probable 
energy of hydration of V 2 O 2 and the solubility of the -\-2 hydroxide 
would give about 1.2. On this basis we shall write, 

V = V++ + 2c- = 1.5 ± 0.3 

The metal cannot be precipitated by cathodic reduction in acid or 
neutral solutions but probably can be reduced from the hydroxide, 
V( 0 H) 2 . 

Vanadium peroxyacids. Hydrogen peroxide forms both mono- 
and diperoxyacids with vanadium, and in high acid at least one of 
the acids gives a positive peroxy ion. Heats of the reactions 
have been measured but the formulas of the compounds are too 
uncertain to permit an estimation of the reaction entropies. 

Columbium 

The standard state of columbium is the metal. No data can be 
given for the heat or free energy of sublimation. 

Oxidation states. The +5 oxidation state, as represented by 
columbic oxide, Cb 206 , is similar to vanadium in the types of acid 
ions which are formed. The +4 oxide, Cb02, is known but it is 
difficult to prepare. Solutions containing the ion, Cb+^, or 
complexes of this ion are made by cathodic reduction or by 
reduction with zinc, of solutions of columbic oxide in sulfuric, 
hydrochloric, or hydrofluoric acids. The complex ammonium 
sulfate has been isolated. It is doubtful if the hydroxide, Cb(OH)8, 
has been obtained in the pure state, as basic salts appear to be 
precipitated by alkalies. The oxidation state of the chloride 
formed by the reduction of the pentachloride by sodium at high 
temperature is still uncertain. The earlier formula, [Cb 6 Cli 2 ] Cb* 
7 H 2 O, which was assigned to the substance extracted by water, is 
more likely H [Cb3Cl7H20] 3 H 2 O but there is some doubt about the 
columbium being present in the +2 state. The formula may be 
(Cb3Cl70)3H20. 
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At least two peroxycolumbic acids have been prepared. The 
formulas assigned are HCbOi and HaC^bOs, but there are no data 
for their free energies. Hydrogen sulfide appears to have no 
action upon columbic acid or columbates. 

Columbic oxide. The oxide is less soluble in water than is 
vanadic oxide; but, like the latter, it is much more soluble in 
concentrated acids. Kiehl and Hart® found that the solubility in 
3M H 2 SO 4 was about 0.038M CbjOs. The solution may contain 
the ion Cb(OH) 4 +, but in more concentrated sulfuric acid probably 
forms a complex sulfate. The solution in hydrofluoric acid gives 
salts with the alkalies such as K 2 CbOF 5 and KCbFe. 

‘ Ortho- and metamonocolumbates, and di- and hexacolumbates 
similar to the corresponding vanadates, are known and it seems 
probable that the conclusions drawn concerning the relation be¬ 
tween the meta- and hexavanadate ions in solution also holds true 
for these columbate ions. This is substantiated by the results of 
Sue* who reports the precipitated hydrate, 3Cb206-2H20 or 
H4Cb60i7. This is probably the formula of the acid in solution. 
There are no data on the ionization constants of the acid but it is 
doubtless somewhat weaker than vanadic acid. Sue gave some 
data for the hydrolysis of columbate solutions. 

Columbium potentials. Becker and Roth’® report for the heat 
of combustion of columbium to form the pentoxide, —463,100 
cal. An estimate of — 125 cal. per degree for AS° of the reaction 
would give for the free energy of formation of the oxide —425,800 
cal. One then computes for the Cb—Cb206 couple in acid solution 

5 H 2 O -f- 2Cb = CbaOs + 10H+ + 10 e-, E° = 0.62 

Kiehl and Hart” measured the e.m.f. of the Cb+®—Cb+® couple 
in various concentrations of sulfuric acid against a saturated 
potassium chloride calomel electrode. Using 3.14M H 2 SO 4 and 
equal concentrations of columbium in the two oxidation states, 
they found for the cell 0.373; and for 9.87Af H 2 SO 4 , 0.426. It is 
difficult to account for the increase in potential at higher acid 
concentrations unless the -|-5 columbium forms a very stable 

' Kiehl, S. J., and Hart, D., J. Am. Chem. Soc., 60, 1608 (1928). 

» sue, P., Compt. rend., 194, 1745 (1932). 

10 Becker, G., and Roth, W. A., Z. physik. Chem., A167, 16 (1933). 

» Kiehl, S. J., and Hart, D., J. Am. Chem. Soc., 60, 2337 (1928). 
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complex with sulfate ion. The formula of this ion is not known 
but we will assume CbO( 804 ) 2 "' and write as an approximate value, 

2 SO 4 — + H 2 O + Cb^^ - Cb0(S04)2~- + 2H+ + 26-, 

= 0.1 

From the solubility data for columbic oxide in sulfuric acid by 
Kiehl and Hart, cited above, the free energy of solution of the 
oxide must be around 3000 cal. Hence, for the overall potential 
for the Cb—CbO( 804 ) 2 ” couple, 

II 2 O + 2 SO 4 -” + Cl) = (4)0(804)2- + 2H+ + 56- 

= 0.60 


and the potential for the C’b- Cb(OH) 4 '^ couple is probably the 
same order of magnitude. This then gives, 

Cb = Cb+^“^ + 36- E^ = ca 1.1 

Ott^^ reported the formation of the dioxide, Cb 02 , by the 
reduction of solution of the complex fluoride, K 2 CbOF 6 ; but 
Kiehl and Hart found no evidence for the +4 state. These 
authors stated that the +3 state was brown in concentrated acid 
solutions but became blue upon dilution, without change in the 
equivalents of reducing power. 

No values can be given for the columbium potentials in alkaline 
solution. Isgarischew and Kaplan^® reported the cathodic 
reduction of columbium in solutions of potassium hydroxide and 
oxalic acid with the formation of a mixture of the metal and inter¬ 
mediate solids which were not further reduced. 

Tantalum 

The standard state of tantalum is the metal. There are no 
data on the sublimation process. 

Oxidation states. The only important compounds of tantalum 
are the oxide and halides of the +5 oxidation state and their 
derivatives. There is some evidence of the dioxide, Ta02. When 
the pentachloride is heated witli sodium and the resulting product 
extracted with water, a soluble complex is formed, Lindner'^ 

» Ott, F., Z. Elektrochem., 18, 349 (1912). 

Isgarischew, N., and Kaplan, G. E., Z. Elektrochem., 40, 33 (1934). 

Lindner, K., Z. anorg. allgem. Chem., 160, 57 (1927). 
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offers evidence in favor of the formula H [Ta3Cl7H20] 3 H 2 O, which 
is a compound of the +2 oxidation state. However, Ruff and 
Thomas^^ believe the formula to be (Ta 3 Cl 70 ) 3 H 20 , that is, a 
compound of the +3 state. 

The disulfide, TaS 2 , is formed at high temperatures by direct 
union of the elements. When heated in water it forms the 
pentoxide, hydrogen, and hydrogen sulfide. There is no reaction 
between sulfide ion and tantalates in solution. 

Hydrogen peroxide acts upon tantalates to form peroxy- 
tantalates. Salts of the acids HTa 04 and HsTaOg have been 
reported but no energy data can be given. 

Tantalic oxide and fluoride. The oxide Ta206 is practically 
insoluble in perchloric or nitric acids. It dissolves slightly in 
sulfuric acid and more readily in oxalic acid, doubtless with the 
formation of complex sulfate and oxalate ions. No quantitative 
data have been obtained for any of these solubilities. 

With alkalies, tantalates are formed, the most important being 
derivatives of hypothetical hexa-acids, for example, (NH 4 ) 2 Ta 60 i 6 * 
5 H 2 O and Na 8 Ta 60 i 9 -25H20. 

The pentafluoride TaFs forms by direct combination of the 
elements. It, and also the oxide, are soluble in hydrofluoric acid 
to give complex fluo-acids. Common potassium salts are KTaFe, 
K2TaF7, and KTaOF4. 

Tantalum potentials. Becker and Roth^® found —484,500 cal. 
for the heat of formation of the oxide. Estimating as —125 
cal. per degree, the free energy of formation is —447,200 cal. 
This gives for the Ta—Ta 205 couple, 

5 H 2 O + 2Ta = TazOs + 10H+ + 10 c-, = 0.71 

Hevesy and Slade^^ studied the potential of the Ta—TaFs couple. 
They reported that tantalum in the passive state was more electro¬ 
negative than silver and, when active, about like copper. From 
the potential calculated above and the solubility of the oxide , in 
hydrofluoric acid, it is obvious that their electrode, even in its 
active state, was far from the equilibrium potential. 

No values can be given for the couple in alkaline solution. 
Except for the complex chloride, noted above, which was prepared 

Ruff, O., and Thomas, F., Z. anorg. allgem. Chem., 148, 19 (1925). 

Becker, G., and Roth, W. A., Z, physik. Chem., A167, 16 (1933). 

Hevesy, G. von, and Slade, R. E., Z. Elektrochem., 18, 1001 (1912). 
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by reduction at high temperature, there is no evidence of the 
existence of tantalum in lower oxidation states in water solutions. 


Protoactinium 

Protoactinium, with a half-life of about 32,000 years, is, next to 
radium, the longest lived radioactive product of the disintegration 
of uranium. Grosse^® has isolated a few tenths of a g of the 
element. Although no quantitative values are yet available, 
the following facts are of interest. The metal is not readily 
oxidized in air. The pentoxide, Pa206, is more basic than the 
corresponding tantalum oxide, and the hydrated oxide dissolves 
appreciably in sulfuric acid, probably with the formation of 
Pa02'^. No protoactinates are formed by fusion of the oxide with 
sodium carbonate. The element is precipitated from acid solution 
by the formation of the peroxyacid and by the addition of phos¬ 
phoric acid. The pentachloride is formed at 500° C. by the 
reaction, 

Pa205 + 5 COCI 2 = 2PaCl5 + 5 CO 2 

and the metal was prepared by the decomposition of the chloride 
by heating on a tungsten filament in a high vacuum. 

Summary of group potentials. For ease in comparison, the 
following summary of group potentials in acid solution is given: 


cal.5 0.20 

V- 


-0.31 -1.00 

-V 02 ^--— V( 0 H) 4 ^ 


cb- 


ca 1.1 


-Cb+3- 

0.62 


ca 0.1 


-Cb205 


Ta 


0.71 


Ta^Oo 


Grosse, A. von, J. Am. Chem. Soc., 52, 1745 (1930); ibid.j 56, 2501 
(1934). 
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Titanium, Zirconium, Hafnium, and 
Thorium 

The elements of this group h<we four valence electrons 
and the lowest electronic state in the gaseous atoms is the 
The most important oxidatioa state is the +4, and for the three 
heavier elements this is the only state which is stable in solutions. 
Thorium forms a tetrahydrogen compound but it appears to be a 
real hydride; hence the oxidation state of the thorium is also +4 
in this compound. 


Titanium 

The standard thermodynamic state of titanium is the solid 
metal. No experimental data are available regarding the heat 
and free energy of sublimation, but Bichowsky and Rossini 
estimated 100,000 cal. for the A//®. 

Oxidation states. Titanium forms compounds of the +2, +3, 
and +4 oxidation states. The oxides of all three states are 
known but only the dioxide, Ti 02 , is stable in contact with water. 
The spectrum of the monoxide is common in the light from certain 
types of stars. The two lower oxides are basic and the dioxide is 
amphoteric. The tetrafluoride is acidic and forms salts of the 
type K 2 TiF 6 , and the trifluoride is also slightly acidic. The 
soluble peroxy-acid, H 2 Ti 04 , is well known but no thermodynamic 
data for it are available. 

Titanium dioxide. Bichowsky and Rossini gave for the heats 
of formation of the dioxide, 218.0 kcal. for rutile and 214.1 kcal. 
for the amorphous form. Estimating the entropy of formation 
as —42.5 cal. per degree, the corresponding free energies are 
— 205,300 and —201,400 cal. For the Ti—Ti02 couple, one 
calculates, 

2 H 2 O + Ti = Ti02(amorp) + 4H^ + 4c-, = 0.95 

The titanium electrode is highly irreversible and no direct meas¬ 
urements of the potential can be made. 
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The unhydrated oxide does not dissolve appreciably in either 
acids or bases but the hydrated forms are somewhat soluble in 
both. The two hydrates, Ti02 H20 and Ti02-21120 are known. 
There are no data on the free energies of hydration or of solution. 
From the qualitative reactions the following highly approximate 
estimates are made: 

Ti 02 (amorp) + H 2 O = TiO(OH) 2 , AF^ = ca -2500 cal. 

TiO(OH )2 = TiO^ + 20H-, K = ca lO"'® 

The approximate value for the free energy of titanyl ion, TiO"^, 
is —144,400 cal. Assuming that the principal ion in one molal 
acid is titanyl, the overall potential of the Ti—TiO"^ couple is 
calculated to be the same as that for the dioxide, 

H 2 O + Ti = TiO++ + 2H+ + 4e-, = ca 0.95 

Even the qualitative data on the solubility of the hydrated oxide 
in alkalies are conflicting, and no values will be given for the 
formation of the titanate ions. The common salts are derivatives 
of the meta-acid, for example, Na 2 Ti 08 , but di-, tri-, and penta- 
titanates are also known. 

The —^TiO'^ couple. Diethelm and Foerster^ studied the 

potential of solutions containing +3 and +4 titanium. For 
equal concentrations of the two ions in 4.1 V H 2 SO 4 they found 
E = —0.056. Although they calculated their results for the 
ions, Ti“*^ and Ti"*^, the potential was a function of the hydrogen 
ion, becoming more negative with higher acid concentration. 
Without attempting to recalculate their results in terms of activi¬ 
ties, we shall write, 

H 2 O + Ti+3 = TiO-^ + 2H+ + e- = ca -0.1 

From high temperature measurements on the reduction of 
titanium dioxide by hydrogen, Nasu^ has given, • 

2Ti02 + H 2 = TisOs + H 2 O, = 5280 cal. 

This is in agreement with the potential in the water solution, 
if we assume 

§Ti 203 “h ■IH 2 O = Ti"^"^ -f- 30H"", K = ca 10 ”^®. 


^ Diethelm, B., and Foerster, F., Z. physik. Chem., 62, 129 (1908). 
* Nasu, N., J. Chem. Soc. Japan, 66, 659 (1935). 
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This value for K appears quite reasonable. The free energy of 
the sesquioxide, calculated from our value for the dioxide, is 
—340,800 cal. The oxide is obviously unstable in water with 
respect to the evolution of hydrogen. Experimentally this 
instability increases in alkali. The reduction of titanyl in acid 
solution is readily accomplished by zinc or electrolytically. 

The —Ti“^^ couple. Forbes and HalP prepared a mixture 

of the chlorides, TiCL and TiCh, by the action of hydrogen 
chloride upon finely divided titanium, and measured the potential 
of the couple at 0® C., using a mercury electrode. They gave for 
the jB® at 0® C., 0.37 volts. Although entropy of the reaction 
(with H 2 —couple) is about 15 units, we shall not make the 
temperature correction but will give as an approximate value the 
same potential at 25® C. 


Ti-H = Ti-^++ + €-, = 0.37. 

Considering the reactivity of the Ti"^ ion, this potential appears 
to be lower than one would expect. However, it may be that 
the ion is simply a more rapid reducing agent. At any rate, it is 
impossible to have appreciable concentrations of +2 titanium in 
solutions which have an acidity greater than 0.1 iV 

The +2 hydroxide, Ti(OH) 2 , is less stable than the positive 
ion and readily evolves hydrogen. This is to be expected inas¬ 
much as the solubility of the +2 hydroxide is doubtless much 
greater than that of the -f-4. 

The Ti —Ti+^ potential. From the potentials relating TiO“^ to 
the metal and to the lower oxidation states, we may now calculate, 

Ti = Ti++ + 26-, = 1.75. 

In agreement with this very positive value, titanium can not be 
precipitated by cathodic reduction in water solutions. However, 
the metal is very passive and is not readily oxidized by mild 
oxidizing agents. 

Fluotitanate. Titanium dioxide dissolves in hydrofluoric acid 
with the formation of the fluotitanate, TiFe . From the heat of 
formation, —557,500 cal., we may make a rough calculation of 
its free energy, using the estimated entropy of the ion as 20 cal. 


* Forbes, G. 8., and Hall, L. P., J. Am. Cbem. Soc., 46, 385 (1924). 
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per degree. The value is —508,700 cal. This gives for the 
metal-fluotitanate couple, 


6F- + Ti = TiFe— + 4£?-, 


= 1.24. 


Solid fluotitanites, such as (NH 4 ) 2 TiF 6 , have been prepared, but 
there is no evidence of their formation in solution by reduction of 
the +4 complex. 

Summary of titanium potentials. The following scheme 
summarizes the titanium potentials in acid solutions: 


1.75 0.37 -0.1 

Ti-Ti-H-Ti^- 

I 0.95 


-TiO^ 


Zirconium 

The standard state of zirconium is the solid metal. Bichowsky 
and Rossini estimate the heat of sublimation to be 110,000 cal. 

Oxidation states. The only oxidation state stable in water 
solutions is the +4. The dioxide is somewhat more basic than 
titanium dioxide and, when hydrated, dissolves fairly readily to 
form the zirconyl ion, ZrO^. The solubility of the oxide in 
alkaline solution is slight and the zirconates are much less stable 
than the titanates. The tetrafluoride forms numerous fiuozir- 
conates, for example, Na 2 ZrF 6 , but their thermodynamic proper¬ 
ties have not been studied. Around 250° C., solid zirconium 
tetrachloride is reduced by powerful metallic reducing agents 
to the +3 and +2 chlorides. Hydrogen is evolved by the reaction 
of these chlorides with water. 

The free energy of zirconium dioxide. Based on the heat of 
formation of the monoclinic dioxide, —258,100 caL, and the esti¬ 
mated entropy of the reaction, —42.5 cal. per degree, the free 
energy of formation is —245,400 cal. 

2 H 2 O + Zr = ZrOa + 4H+ + 46”, = 1.43. 

Bichowsky and Rossini select —198,300 cal. as the best value for 
the heat of formation of zirconyl ion, ZrO*^. Taking the entropy 
of the ion as zero, one then computes, 

Zr + 2H+ + H 2 O = ZrO^ + 2 H 2 , = -129,000 cal 

AF° = -141,400 cal. 
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This gives for the free energy of zirconyl ion, —198,100 cal. 

H 2 O + Zr = ZrO^ + 2H-^ + = 1.53 

From the hydrogen electrode titration curves obtained by 
Britton^ a rough value may be given for the solubility constant 
of the hydrated dioxide, 

ZrO(OH) 2 (s) = ZrO+^ + 20H-, Z - ca 1 X 10~2« 

One then calculates for the free energy of hydration, 

Zr02 + H 2 O = ZrO(OH) 2 (s), = ca --5500 cal. 

There is no experimental value for this free energy, but the 
hydrate decomposes at around 200° C.; hence the calculated free 
energy must be fairly close. The corresponding free energy of 
formation of the hydrate is —307,600 cal. 

The solubility of the hydrated oxide was reported by Venable 
and Clark® as 6 X 10”^ moles per liter of H 2 Zr 03 in 2.5 M KOH. 
The formula of the zirconate in solution is not known, but we 
shall write 

H 2 Zr 03 (s) + OH- = HZrOa^ + H 2 O, ii: = ca 10-^ 

40H- + Zr = H 2 Zr 03 + H 2 O + 4c-, El = 2.32 

Solid zirconates, such as Na 2 Zr 03 , Na 4 Zr 04 , and Li 2 Zr 206 , have 
been prepared by fusion of tlie oxide with alkalies. 

Zirconyl hydrogen phosphate, Zr 0 (HP 04 ) 2 , is very sparingly 
soluble. Hevesy and Kimura® reported its solubility as 1.2 X 10~^ 
moles per liter in 6 iV HCl. 

Zirconium disulfide, ZrS 2 , and zirconyl sulfide, ZrOS, have been 
prepared at high temperatures, but neither of these sulfides can be 
precipitated from water solutions. 

Zirconyl oxalate, Zr 0 C 204 , is precipitated from acid solutions 
by oxalic acid, the precipitate is soluble in excess oxalic acid and 
in ammonium oxalate with the formation of complex oxalate 
ions, but no quantitative data can be given. 

* Britton, H. T. S., J. Chem. Soc., 127, 2135 (1925). 

« Venable, F. P., and Clark, T., J. Am. Chem. Soc., 18, 434 (1896). 

• Hevesy, G. von, and Kimura, K., J. Am. Chem. Soc., 47, 2540 (1925). 
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Hafnium 

The standard state of hafnium is the solid metal. The heat 
and free energy of sublimation have not been determined, but they 
must be slightly greater than the corresponding values for zir¬ 
conium. 

Oxidation states. Only compounds of the +4 oxidation state 
are known. No reduction of the oxide or halides, even at high 
temperatures, has been reported. The similarity of +4 com¬ 
pounds of hafnium and zirconium is remarkable, and the diflScul- 
ties of separation are comparable to the separation of neighboring 
elements of the rare earth group. A few slight differences in 
the properties of compounds of the two elements may be noted. 
Hafnyl chloride is somewhat less soluble in concentrated hydro¬ 
chloric acid than is zirconyl chloride. The ammonium hexo- 
fluohafniate is slightly more soluble at 0® C. than is the fluozir- 
conate. Hafnium salicylate is less soluble than zirconium sali¬ 
cylate, In general the reactions of hafnium indicate that the 
oxide is slightly more basic than is zirconium oxide; hence, hafnyl 
compounds hydrolyze to a greater extent, and the compounds with 
acid oxides, for example, Hf 0 S 04 and Hf 0 (N 08 ) 2 , decompose into 
their respective oxides at slightly higher temperatures. 

The free energy of hafnium oxide. From the heat of formation 
of the dioxide, —271,500 cal. and the estimated entropy of the 
reaction, —42.5 cal. per degree, one calculates —258,200 cal. for 
the free energy of formation. The potential of the Hf~Hf02 
couple in acid solution then is, 

2 H 2 O + Hf = Hf02 + 4H+ + 46-, - 1.57 

There are no data on the heat or free energy of formation of 
hafnyl ion, HfO++. However, we shall assume that the free energy 
of hydration of the oxide is the same as for zirconium dioxide 
and that the oxide is slightly more basic, and write, 

HfOa + H 2 O = HfO(OH) 2 , AF° = -5500 cal. 

HfO(OH )2 = HfO^ + 20H-, if = ca 10-^. 

One then calculates for the free energy of formation of hafnyl 
ion, —212,100 cal., and for the Hf—HfO"^ couple. 


H 2 O + Hf = HfO++ + 2H+ + 46-, 


=* 1 . 68 . 
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The free energy of solution of the hydrated oxide in alkali is 
doubtless closely the same as the value for the zirconium oxide. 
Since the solubility is small, we shall write for the potential in 
alkaline solution, 

40H- + Hf = HfO(OH )2 + H 2 O + 4^-, El = 2.60. 

The status of the data pertaining to the sulfides, phosphates, 
and oxalates is similar to that for zirconium. 

Thorium 

The standard state of thorium is the solid metal. Bichowsky 
and Rossini estimate 177 kcal. as the heat of sublimation of the 
metal. 

Oxidation states. The onJy stable oxidation state is the + 4 . 
The dioxide Th 02 is much more basic than the dioxides of the 
lighter elements of the group and shows no tendency to form 
thorates even when fused with alkalies. The hydrated oxide 
dissolves readily in strong acids, and the hydrated normal salts 
may be crystallized from the solutions, for example, Th ( 804 ) 2 - 
8 H 2 O and Th(N 03 ) 4 * I 2 H 2 O. The addition of alkalies to these 
solutions precipitates basic salts, for example, Th 0 S 04 -H 20 and 
Th(OH) 2 Cl 2 -41120. Double salts of almost every negative ion 
may also be prepared, for example, K 4 Th( 804 ) 2-21120 and 
KTh(N 03 ) 6 - 9 H 20 . The tetrafluoride, ThF 4 *41120, may be pre¬ 
cipitated. Sodium carbonate precipitates ThOCOa - 8 H 2 O, soluble 
in excess of the reagent. Oxalic acid precipitates the oxalate, 
which is soluble in ammonium oxalate. Other slightly soluble 
compounds are the iodate,Th(I 03 ) 4 , and the phosphate, Th 3 (P 04 ) 4 ' 
4 H 2 O. The heats of precipitation of many of these compounds 
have been measured, but the data can not be used to calculate 
solubility products inasmuch as little is known regarding the 
activities or entropies of the ions in solution. Sulfides are formed 
only at high temperatures. A slightly soluble peroxy-acid is 
precipitated from dilute acid solutions by hydrogen peroxide. 
The formula is probably H 2 Th 04 , with an indefinite amount of 
water. 

Free energy of thorium dioxide. The thermal data may be 
used to calculate a value for the free energy of formation of the 
dioxide, which should be fairly accurate. The data are: A//°, 



256 


SUBGROUP IV ELEMENTS [Chap. XVIII 


— 293,000 cal.; AS®, 43.0 cal. per degree, and AF°, —280,100 cal. 
One then computes for the Th—Th02 couple in acid solution, 

2 H 2 O + Th - Th02 + 4H+ + 4e-, = 1.80 

It is difficult to know how to proceed to obtain a free energy for 
thorium ion in solution. The BichowKsky and Rossini value for 
the heat of formation of the hydroxide is inconsistent with their 
other data, and their approximate value for the ion, Th^'^, ob¬ 
tained from the chloride, cannot be corrected for complex ion 
formation. Hydrogen electrode titration curves have been 
investigated, but the formation of basic precipitates renders it 
impossible to use them to estimate the solubility of the hydroxide 
in acid. 

A very rough value will be obtained by the following method. 
From comparison with other free energies of hydration we estimate, 

Th02 + 2 H 2 O = Th(OH) 4 , AF° = ca -15,000 cal. 

The heat of solution of the hydroxide in nitric acid is given by 
Pissarjewsky^ as —29,900 cal. There is probably a fairly large 
correction to the infinitely dilute solution for his value which we 
cannot make. For the entropy of solution we shall use —72 cal. 
per degree, and this may also involve a large error. One then 
calculates, 

Th(OH )4 + 4H+ = Th+^ + 4 H 2 O, AF^ = -8400 cal. 

Th(OH )4 = Th+^ + 40H-, K = ca lO-^^ 

The approximate value for the free energy of thoric ion is ca 
-197,100 cal. 

Th = Th-^ + 4c-, = ca 2.06^ 

f 

Even if this value for the free energy is approximately correct, 
it will not be useful without the data on the activity coefficients 
and hydrolysis constants for the ion, which are entirely lacking at 
present. 

Since the oxide is not soluble in hydroxide, we may write, for 
the Th—Th02 couple in alkaline solution, 

40H- + Th = Th02 + 2 H 2 O + 4e-, El = 2.64 


^ Pissarjewsky. L., Z. anorg. allgem. Chem., 25, 394 (1900). 
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Summary of group potentials. The titanium potentials were 
summarized at the end of the discussion of that element. For 
compari.son, the overall potentials from the metals to the +4 
state in acid solution are given below. 


ca 0.95 
Ti- 


TiO++ 


1.53 

Zr-ZrO++ 


1.68 

Hf-HfO++ 


ca 2.06 
Th- 


Th+'' 



CHAPTER XIX 


Boron, Aluminum, Scandium, Yttrium, 
Lanthanum, Rare Earth Elements, 
and Actinium 

This group of elements has three valence electrons. In the 
monatomic gaseous atoms of boron and aluminum the ground 
state of these electrons is s V(^Pi/ 2 ) while in the other members of 
the group it is s^d}{'^Dzi 2 )i with the exception that the electronic 
states of the rare earths are further complicated by the presence 
of electrons in the low lying 4/ level. Although these / electrons 
are not generally involved in compound formation, they do interact 
with the electrons to produce complicated electronic states 
in the gas atoms. A complete interpretation of these spectra 
has not yet been given. 

The reason for considering these elements as a group is that 
their chemistry, with the exception of boron, is essentially the 
chemistry of the +3 ions and these ions are all of the ^^octet'^ 
type, save for complication in the rare earths, introduced by the 
incomplete 4/ electronic level, as noted above. The elements of 
the group are highly electropositive, and practically no free 
energies have been obtained by direct equilibrium measurements 
involving the elements. Thermal data are also very meager and 
permit of few accurate third-law calculations. 

Boron 

The preparation of pure solid boron is difficult, and most of 
.the older preparations were an amorphous form containing some 
oxide or metallic borides. Pure crystalline boron has been 
prepared.^ This should be taken as the standard state but the 
thermal data appear to refer to the amorphous form and the 
difference in energy between the two is unknown. Bichowsky 


1 Cf, Kahlenberg, H. H., Trans. Am. Electrochem. Soc., 47, 66 (19251. 

268 



Chap. XDC] 


GROUP III ELEMENTS 


259 


and Rossini have estimated 115 kcal. as the heat of sublimation. 
The entropy of the gas is 36.7 cal. per degree and that of the 
solid probably about 1.5; hence the AS° of sublimation is around 
35.2 units. 

Oxidation states. The oxide, BO, is known as an unstable 
gas molecule from spectroscopic data, and the suboxides B 7 O and 
B 3 O have been reported. However, there is no definite proof 
that these substances are not small amounts of B 2 O 3 in amorphous 
boron. A number of boron hydrogen compounds, for example, 
B 2 H 6 , B 4 H 1 C, BsHg, are well known. No oxidation numbers will 
be assigned the boron in these compounds. The bonds are 
definitely nonpolar, but there are not enough electrons to give 
electron-pair bonds. Their structure has been discussed by 
Pauling. 2 

The important oxidation state is +3 and the oxide, B 2 O 8 , is 
the anhydride of the weak boric acids which are discussed below 
in some detail. The oxide has slight basic properties. The 
trihalides form at high temperatures, but all except the fluoride 
hydrolyze completely in water with the formation of boric acid. 
The fluoride forms complex ions, for example, BFr. The sulfide, 
B 2 S, is also completely hydrolyzed in water. 

Boric acids and their salts. The solid acid, HaBOs, is somewhat 
soluble in cold water and quite soluble in hot. The solubility 
at 25® C. is 0,933 moles per 1000 g H 2 O. Salts of the ortho-acid, 
HaBOa, may be formed by fusing the acid with alkalies, but in 
water the ortho-ion is hydrolyzed, 

BOa”— + 2 H 2 O = HaBOa- + 20H“. 

In solution one cannot distinguish between the dihydrogen ortho¬ 
ion, H 2 BO 3 "", and the meta-ion, BO 2 ". Salts of the latter readily 
crystallize from water solution, but the formula HaBOa” will be 
used. At low concentrations of boric acid the molecular species 
is HaBOa or HBO 2 . The ionization constant of this acid has been 
determined by a number of investigators but we shall use the 
value of Owens.*® 

HaBOs == HaBOa- + if = 5.8 X 


* Pauling, L., J. Am. Chem. Soc., 53, 3225 (1931). 

* Owens, B. B., J. Am. Chem. Soc., 56, 1695 (1934), 
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At high concentrations the acid polymerises with the formation 
of tetraboric acid, H2B4O7, and possibly more complicated poly¬ 
acids. This acid is considerably stronger than the ortho-acid. 

Kolthoff^ has studied the concentration of hydrogen ion in 
these solutions. Assuming that the ionization, 


H2B4O7 = H+ -h HB4O7- 

is much greater than that of the ortho-acid, he has shown that 
at concentrations above 0.5 molal 

(W - ^ X •• c. 

Metaborates in dilute solution hydrolyze in a normal manner 
with the formation of the acid HsBOs and hydroxide in agree¬ 
ment with the value for the acid constant given above. However, 
the tetraborate ion decomposes according to the equation 

B 4 O 7 "- + 5 H 2 O = 2 H 3 BO 3 + 2 H 2 B 03 -, /T = ca 10-® 

The value of the constant is taken from some unpublished calcu¬ 
lations by Bray® on distribution ratio experiments with borate 
and boric acid solutions by Mueller and Abegg.® Hence, at con¬ 
centrations of tetraborate below 0.1 M, the ion is largely decom¬ 
posed and the alkalinity is determined by the hydrolysis of the 
H 2 B 03 ~ ion. The constant for the complex formation in alkaline 
solution could be compared with the constant found by Kolthoff 
in acid solution if the second dissociation constant of the tetraboric 
acid were known.The value. 


HB4O7- = H+ + B 407 “, ii: = ca 10-® 

would appear to bring the two into reasonable agreement. The 
constant for the first step of the dissociation is not determined by 
this calculation but by analogy with the general ratio of the first 
and second constants. One estimates 


H2B4O7 = H^- -h HB4O7-, lie = ca 10“". 


* Kolthoff, I. M., Rec. trav chim., 48, 501 (1926). 

® Bray, W. C., unpublished material (University of California, 1928). 
•Mueller, P., and Abegg, R., Z. physik. Chem., 67, 613 (1906). 

^ The author is indebted to Professor W. C. Bray for this observation. 
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It may also be pointed out that, since the dissociation of the 
tetraborate ion gives approximately equal concentrations of H3BO3 
and H 2 B 03 “, the hydrogen ion concentration in tetraborate solu¬ 
tions is equal to K for H3BO3. 

(H+) = = A(when H3BO3 = H2BO3-) 

Jrl2X>U3 

Boron potentials. Ail heats of formation of boron compounds 
depend, for their absolute value, upon the heat of formation of 
boron trichloride. This measurement of the direct union of 
boron and chlorine is probably not of high accuracy. However, 
the heats will be us(‘d to calculate a few boron potentials which 
are at least of the right order of magnitude. 

From the heat of formation of solid boric acid, H3BO3, AH®, 

— 251,600 cal., and the estimated entropy of the substance, 18 cal. 
per degree, one computes A8®, —104 cal. per degree and AF®, 

— 220,600 cal. Within the accuracy of this value, the free energy 
of solution of the acid is zero; hence the same free energy will be 
used for the acid in solution. 

3 H 2 O + B = H 3 BO 3 + 3H+ + 3c", F® = 0.73 

In view of this comparatively small potential for the reduction 
of boron, it is odd that the element cannot be obtained by reduc¬ 
tion in water solutions. Its behavior in this respect is similar to 
carbon. Amorphous boron has been prepared by the cathodic 
reduction of the fused oxide and halides or of mixtures of the two, 
but the process is not a satisfactory one. 

From the dissociation constant of the acid, one calculates for 
the free energy of ionization, 12,600 cal., and for the free energy 
of formation of the ion, H 2 BO 3 ", ca —208,000 cal. The potential 
in alkaline solution then is, 

40H-- 4- B = H 2 BO 3 " + 2 H 2 O + 3e-, El = 2.5. 

The heat of formation of the fluoborate, BF 4 “, is given as 

— 358,000 cal. An estimate of the entropy of the ion as 40 gives, 
as a rough value for the free energy of formation, —335,900 cal. 
The corresponding potential is. 


4F- + B = BF 4 - + 36 ”, 


F® = 1.06. 
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Heteroboric acids. The polyalcohols, especially those with 
hydroxyl groups on adjacent carbon atoms, combine with boric 
acid to form hetero-acids of the types 


c —0 

r>C—0 0—C<1 

\b—OH and 


XI 

C—0^ 

L>c~o 0 --C<J 


-7 

With the more complicated alcohols, such as mannitol, two or 
three molecules of boric acid may react with one of the alcohol. 

Kolthoff* studied the complex with glycerine and gave the 
following equilibrium constants: 

H3BO3 + glycerine == H3BO3 • glycerine, K = 0.9 

H 3 BO 3 • glycerine == + A“, K = S X 10“^. 


Advantage has been taken of the increased strengths of the 
heteroboric acids in the standard volumetric titration of boric 
acid with alkali. 

Yabroff, Branch, and Bettman® have determined the ionization 
constants of a number of hydrocarbon boric acids and have dis¬ 
cussed their results in terms of the resonance and negativity of 
the various groups. They gave the following constants: 


Phenylboric Acid, 
o-Tolylboric Acid, 
Benzylboric Acid, 
/3-Phenylethylboric Acid, 
n-BuTYLBORic Acid, 


if = 137 X 10-1® 
K = 18.1 X 10-1® 
K = 75.5 X 10-1® 
K = 10.0 X 10-1® 
if = 1.82 X 10-1® 


Al uminum 

The standard state of aluminum is the solid metal. Kelleyi® 
has given the following data for the sublimation of the metal: 
AH^, 67,497 cal.; AS®, 32.58 cal. per degree; AF®, 57,785 cal. 


® Kolthoff, I. M., Rec. trav. chim., 44, 975 (1925). 

•Yabroff, D. L., Branch, G. E. K., and Bettman, B., J. Am. Chem 
Soc., 66, 1852 (1934). 

Kelley, K. K., U. S. Bur. Mines Bull., No. 383 (1935). 
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Oxidation states. The only stable oxidation state is that of 
+3 aluminum. The hydroxide is amphoteric; with acids it forms 
compounds of the ion, and with bases salts of the met- 

aluminate ion, ^ 02 ”“, and a few salts of orthoaluminate and poly- 
aluminate ions. The fluoride is acidic, and many fluoaluminates 
are known. Aluminum sulfide and carbonate are completely 
hydrolyzed. The phosphate is but slightly soluble. 

Aluminum potentials. Numerous attempts have been made to 
measure the potential of the aluminum electrode. The best 
results have been obtained with aluminum amalgam but the 
potentials, at least in acid solution, have not been reproducible. 
Latimer and Greensfelder^^ determined the entropy of cesium 
alum and aluminum ion. A recalculation of the entropy of the 
latter, using our present entropy data, gives —76 cal. per degree. 
It has not yet been definitely established that the correct entropy 
of hydrates can be obtained without carrying the specific heat 
measurements to temperatures below the boiling point of liquid 
helium. How^ever, the error at most is not large. Using the 
Bichowsky and Rossini heat of formation of aluminum ion, that 
is, the heat of solution of aluminum in acid, —126,300 cal., 
and the entropy of the reaction, —36.0 cal. per degree, the AF® 
is —115,500 cal. The potential of the A1—Al'^^ couple then is, 

A1 = Al^ + 3e-, = 1.67. 

For the third-law calculation of the free energy of aluminum 
hydroxide, we shall use the following data: entropy of the hydrox¬ 
ide, 20 cal. per degree (estimated); AFT®, —304,900 cal.; A5°, 
— 107.1 cal. per degree. The AF° of formation then is —272.900 
cal. and the potential of the A1—Al(OH)8 couple, 

30H- -h A1 = A1(0H)3 + 3e-, E% = 251. 

The E% is, of course, without chemical significance as the hydroxide 
is soluble in 1 M OH- with the formation of aluminate. Heyi^v- 
sky^* reported for the aluminum amalgam electrode, 

A1 + 3 H 2 O - A1(0H)3 + IH 2 , E^ = 1.337 

This would correspond to 2.17 for the above couple. 

“ Latimer, W. M., and Greensfelder, B. S., J. Am. Chem. Soc., 

2202 (1908). 

” Heyrovsky, J., J. Chem. Soc., 117, 27 (1920). 
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From our free energies we compute, 

A1(0H)3 = A1+++ + 30H“ iC == 1.9 X 

Heyrovsky^^ gave 1.06 X and the K of chromic hydroxide 
is about 10“^^ 

For the hydrolysis of aluminum ion, Bjerrum^^ reported, 

Al+^ + H 2 O = Al(OH)-H- + H+, K = 1.4 X lO"®. 

This value should be recalculated, using activities. The problem 
appears to be complicated by the presence of appreciable concen¬ 
trations of the ion Al(OH) 2 “^ from the second step of the hydrolysis. 

Various investigators^^ have given values of the acid dissociation 
constant of aluminic acid varying from 6 X 10“^^ to 1.3 X 10“^*. 
We shall write 

A 1 ( 0 H )3 = + H 2 AIO 3 ” (or AKV + H 2 O), 

a: = 4 X io-i» 

The free energy of the aluminate ion, H 2 AIO 3 , then is —256,000 
cal. and the potential of the A1 ~H 2 A 103 ~ couple, 

40H-* + A1 = H 2 AIO 3 - + H 2 O + 3e-, El = 2.35. 

An approximate free energy of formation for the fluoaluminate 
ion is obtained from the following data: A//°, —542,000 cal.; 
(estimated), —164 cal. per degree; AF®, —542,000 cal. 

6 F- + A1 = AlFr-'" + 3e- = 2.13 

AlFe-— = Al^ + 6F-, K = 2.2 X 

In view of the large errors which may be involved in the thermal 
data, this constant is to be considered as giving merely the order 
of magnitude of the dissociation. 

Scandium 

The standard state of scandium is the metal. There are no 
data on the vapor pressure or the heat of sublimation. Bichowsky 
and Rossini have estimated 70,000 cal. for the latter. 

” Ibid., 20. 

Bjerrum, N., Z, physik. Chem., 69, 350 (1907). 

“ Maffei, A., Gazz. chim. ital., 64 , 149 (1934); Fricke, R., Koll. Z., 49 , 
241 (1929); Kolthoff, I. M., Z. anorg. allgem. Chem., 112, 185 (1920). 
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Oxidation states. The chemistry of scandium is concerned 
only with the +3 oxidation state. The hydroxide is more basic 
than is aluminum hydroxide. Unstable scandiumates such as 
K 2 Sc(OH )6 *41120 have been prepared but they decompose to 
give the hydroxide when washed with water. The fluoride is but 
slightly soluble but dissolves in ammonium fluoride with the for¬ 
mation of the complex fluoride, ScF 4 ~. The oxalate, phosphate, 
and carbonate are also but slightly soluble. 

Scandium potentials. No thermal data are available. Bi- 
chcwsky and Rossini estimate —410,000 cal. for the heat of forma¬ 
tion of the oxide, from which we estimate 

Sc - Sc+-^^ + 3e-, = ca 2.0. 

Likewise there are no data on the solubility product of the hy¬ 
droxide. As an estimate we give, 

Sc(OH) 3 = Sc^ + 30H", K = csi lO-^s 

Yttrium 

The standard state is the metal. The heat of sublimation has 
been estimated as 90,000 cal. by Bichowsky and Rossini. 

Oxidation states. The only oxidation state is the +3. The 
hydroxide has no acid properties and the same is true of the 
fluoride. The phosphate, carbonate, and oxalate are but slightly 
soluble in water, but the latter two dissolve in excess of the 
negative ion. 

Yttrium potentials. No heats of formation of yttrium com¬ 
pounds have been determined. By comparison with aluminum 
and lanthanum the following estimates are given: 

Y = Y-^ + 3e-, E^ = ca 2.1 

Y(OH)s - Y+++ + 30H-, if = ca IQ-^^ 

The radius of yttrium ion is 0.82 A and this value is similar to 
that of and Ho^. It is, therefore, to be expected that 

the basic character of yttrium hydroxide would be similar to that 
of the dysprosium and holmium hydroxides. 

Lanthanum and the Rare Earth Elements 

The standard state of these elements is the crystalline solid. 
However two crystalline modifications have been reported for 
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lanthanum, cerium and praseodymium, and it is not possible to 
state which form has the lower energy. Klemm and Bommeri® 
have found that the molecular volumes of europium and ytter¬ 
bium, as metals, are much larger than those of the other rare 
earth elements and correspond closely to the values of Group 
II, alkaline earth metals. In view of the strong tendency of 
these elements to form compounds of the +2 oxidation state, 
these authors suggest that these two elements may be essentially 
divalent in the metallic state. There are no experimental values 
for the vapor pressures or heats of vaporization. 

Oxidation states. Lanthanum readily loses its 1 d and 2 s 
electrons to form the +3 ion which has the electron structure of 
the noble gas, xenon. The rare earth elements similarly form the 
+3 ions, which also have the external structure of xenon but 
which differ, of course, in the 1 to 14 electrons in the 4/ level. 
Of these various +3 ions, lanthanum with no/electrons, gadolin¬ 
ium with 7/ electrons (that is, one in each / eigenfunction), and 
lutecium with 14/ electrons are in S states and apparently are 
the most stable. These facts serve to account for the anomalous 
oxidation states and the so-called periodicity within the rare earth 
group. Thus, cerium, following lanthanum, tends to revert to 
the latter structure by losing 4 electrons to give a +4 oxidation 
state. Similar behavior is shown by terbium, following gadolin¬ 
ium. On the other hand, europium and ytterbium, preceding 
gadolinium and lutecium, respectively, also tend to form the S 
state structure of the two latter ions and thus show +2 oxidation 
states. Continuing this line of reasoning, one would expect 
praseodymium and dysprosium to have +5 as their maximum 
oxidation states. Prandtl and Huttner^^ have shown that the 
oxidation product of praseodymium is PreOn which they con¬ 
sidered to be the praseodymium praseodymate, 2 Pr 203 • Pr 206 , but 
the oxide may be a mixture of Pr 203 and Pr 02 , as the latter oxide 
has been prepared in practically pure form. There is no evidence 
of higher oxidation states in dysprosium. Neodymium forms the 
dioxide. 

Samarium and thulium might be expected to form +1 com¬ 
pounds, but so far none have been prepared. However samarium, 

Klemm, W., and Bommer, H., Z. anorg. allgem. Chem., 231, 154 (1937). 

Prandtl, W., and Huttner, K., Z. anorg. allgem. Chem., 186, 289 
(1924). 
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definitely, and thulium, probably, form compounds of the +2 
oxidation state. 

Properties of the +3 state* The heats of formation of the 
+3 ion have been determined for lanthanum, cerium, praseodym¬ 
ium, and neodymium. The values are similar. There probably 
is an appreciable variation of the heat with increasing atomic 
number. Some periodicity within the group may exist, but no 
definite predictions may be made. The entropies of the ions have 
not been obtained; however, the value for lanthanum is probably 
around —40 units and that for lutecium 5 to 10 units less. Using 
this estimate for lanthanum ion, and the heat of formation, 
— 166,900 cal., one calculates for the free energy of formation, 
—163,800 cal., and for the La—La"^^ couple. 

La = La^ + = 2.37. 

Sadolin^* reported for the solubility product of lanthanum 
hydroxide, 1.2 X 10“^® when freshly precipitated and 1.05 X 10“^^ 
upon aging for some time. We shall write, 

La(OH)8 = La^ + SOH", ii: = ca lO'^o. 

The corresponding free energy of the hydroxide is ca —303,800 cal. 
and the potential of the couple in alkaline solution, 

30H- + La = La(OH )3 + 36", El = 2.76 

The ionic radii decrease from 1.0 A. for La“^ to 0.93 A. for 
Ce"’^ and then decrease quite regularly to 0.78 A. for Lu"^. 
The solubility products doubtless show the same trend.^® We 
estimate, 

Lu(OH) 8 - Lu^ + 30H-, ii: = ca 10-^, 

Rimbach and Schubert®® gave the following solubility products 
for cerium oxalate and tartrate: 

CeaCCaOOs-lOHaO = 2Ce^ + 30204"“ ^ IOH 2 O, 

if = 2.5 X 10"» 

Ce2(C4H40«)8-9H20 = 2Ce^ + 3 C 4 H 4 O 6 -" + OHjO, 

if = 9.7 X 10"®®. 

Sadolin, E., Z. anorg. allgem. Chem., 160 , 143 and 150 (1927). 

Cf. Endres, G., Z. anorg. allgem. Chem., 206 , 321 (1932). 

Rimbach, E., and Schubert, A., Z. physik. Chem., 67, 198 (1909). 
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The constants are based upon concentrations and not activities. 
The same authors reported similar values for the oxalates of 
praseodymium, neodymium, and samarium. For ytterbium ox¬ 
alate their constant is, 

Yb2(C2O4)sl0H2O == 2 Yb^-^ + 3C2O4— + IOH2O, 

K = iA X 10-2^ 

These authors reported the solubility of cerium iodate, Ce(I 03 ) 3 - 
2 H 2 O as 0.0074 M and lanthanum iodate, 2La(I08)3 *31120, as 
0.0085 M, 

The oxalates are not appreciably soluble in hydrogen ion but 
tend to form complex oxalate ions with excess oxalate, especially 
in the case of the heavier rare earths. 

The fluorides are but slightly soluble and do not dissolve in 
ammonium fluoride. The phosphates and carbonates are also 
insoluble but the heavier carbonates dissolve in ammonium car¬ 
bonate with complex ion formation. 

The dioxides. Cerium dioxide is a well-defined compound. 
Praseodymium, neodymium, and terbium form oxides in which 
their oxidation number is greater than +3. However, the prepa¬ 
ration of the pure dioxide is difficult. Cerium dioxide, when 
hydrated, dissolves readily in sulfuric acid, but the other dioxides 
evolve oxygen in acid solution. 

Ceric sulfate has become a valuable volumetric reagent. Its 
use in analysis closely parallels that of permanganate. Kunz^^ 
studied the potential of the Ce+®—Ce^ couple against the hydro¬ 
gen couple in sulfuric acid. In one M acid and equal concentra¬ 
tion of the two ions, he reported, 

(In IM H 2 SO 4 ) Ce+^ = Ce-^ + c", E = -1.44. 

Noyes and Garner^^ studied the potential in nitric acid solution. 
They found that the potential varied but little on changing the 
concentration of nitric acid between 0.5 and 2 M, indicating little 
tendency toward complex nitrate formation. They wrote, with- 

21 Willard, H. H,, and Young, P., J. Am. Chem. Soc., 60 , 1322 (1928); 
Furman, N. H., J. Am. Chem. Soc., 60 , 755 (1928). 

” Kunz, A. H., J. Am. Chem. Soc., 63 , 98 (1931). 

Noyes, A. A., and Garner, C. S., J. Am. Chem. Soc., 68, 1265 (1936). 



Chap. XIX] 


GROUP III ELEMENTS 


269 


out correcting for the difference in the activities of the +3 and 
+4 ions, 

Ce^ = Ce^ + e- = -1.61. 

On the basis of this value it would seem that the sulfate solution 
investigated by Kunz must be subject to considerable complex 
formation. 

The potentials of the other rare earth +4 ions must be con¬ 
siderably more negative, in view of their rapid decomposition of 
water. 

Prf3 PrH + e- 

Properties of the +2 ions. Europous ion is stable in water 
solutions, at low hydrogen-ion concentrations, and the slightly 
soluble ytterbous and samarous sulfates are not rapidly oxidized 
by water. These elements also form +2 halides by reduction of 
the +3 compounds by hydrogen at high temperatures. 

McCoyprepared europous solutions by reduction with zinc. 
He gave for the Eu"^—Eu"^^ couple 

Eu^ = Eu-^ + C-, = 0.43. 

From their chemical behavior we estimate, 

Yb^* - Yb-^ + c E^ = ca 0.6 

= Sm-+^^ + C-, E° = ca 0.8. 

In their solubilities, the compounds of the +2 rare earth ions 
appear to be similar to the corresponding barium compounds. 

Actinium 

The instability of the actinium nucleus precludes the accumu¬ 
lation of any appreciable quantity of the element, the half-life 
of the element being only about 20 years and the abundance of 
its parent element, proactinium, being also very low. The chemi¬ 
cal properties of actinium compounds resemble those of the rare 
earths, especially lanthanum. The metal must be highly electro¬ 
positive. The hydroxide is somewhat soluble in ammonium 
ion,^® which agrees with the expectation that the hydroxide is 
more basic than is lanthanum hydroxide. 

McCoy, H. N., J. Am. Chem. Soc., 68, 1579 (1936). 

"Cf. Hull, D. E., Libby, W. F., and Latimer, W. M., J. Am. Chem. 
Soc., 67, 1649 (1935). 
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Beryllium, Magnesium, Calcium, Strontium, 
Barium, and Radium 

The elements of this group have two valence electrons and, in 
the monatomic gas atoms, the ground state is 8*(‘(So). The 
elements are highly electropositive and the only oxidation state, 
stable in water solutions, is the +2. The electronic structure of 
the ions is that of the preceding noble gas. Because of the small 
ionic radius, the oxide of beryllium is amphoteric, but with increas¬ 
ing size of the heavier members of the group, the oxides become 
strong bases. 

Beryllium 

The standard thermodynamic state of beryllium is the solid 
metal. The entropy of sublimation is 30.2 cal. per degree but 
there are no experimental data on the heat or free energy of 
sublimation. Bichowsky and Rossini estimate 75,000 cal. for the 
former. 

Oxidation states. Spectroscopic data have been obtained on 
the unstable -fl fluoride, BeF; however, only the +2 state has 
chemical significance. As stated above, the oxide or hydroxide 
is amphoteric. The hydroxide and phosphate are only slightly 
soluble, but the normal salts of most of the acid ions are soluble. 
However insoluble basic salts form at low acid concentration. 
The basic carbonate is soluble in excess carbonate ion, and the 
fluoberyllate, BeF 4 , forms at high fluoride concentration. 

Beryllium free energies. Bichowsky and Rossini gave —85,000 
cal. as the heat of formation of the ion, Be++. From an extra¬ 
polation of the entropies of the other members of the group 
against their atomic radii, we estimate —50 cal. per degree as 
the entropy of the ion. One then computes for the solution of 
beryllium in acid, AS°, —21.1, and AF°, —78,700 cal. The 
latter figure is also the free energy of formation of the ion. For 
the Be—Be++ couple, one then finds 

Be = Be++ + 2e-, E'^ = 1.70 
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Bodforss^ and others have sought to measure the beryllium 
potential by direct cell measurements. The value obtained is 
around 0.6. The electrode is obviously highly polarized. 

Various investigators have agreed that the freshly precipitated 
hydroxide has the formula Be20(0H)2. This form, however, is 
metastable and two modifications with the formula Be(OH )2 are 
claimed. Prytz^ gave slightly different data for the hydrolysis 
of various halide solutions, but the following are representative: 

2Be++ + H 2 O = Be20++ + 2H+, = 4 X 10"" 

. Be20(0H)2 == BeaO-H- + 20H~, A" = 4 X IQ-'® 

Be20(0H)2 + H 2 O = 2Be++ + 40H-, A = 1 X 

The calculated free energy of the hydroxide, Be20(0H)2, then is 
— 305,610 cal. 

For the equilibrium constant of the solid and its acid ions, 
Bleyer and Kaufmann^ reported, 

HjBejOsCs) = 2H^ + BesOa"-, A = 7.3 X 10-®^ 

These authors also gave, 

H2Be02(I) = 2H+ + BeOs—, A = 2.8 X lO'^^ 

H2Be02(II) - 2H+ + Be02—, A = 1.4 X lO'^®. 

One then calculates for the free energy of the diberyllate ion, 
Be 203 —, —265,810 cal., and for the couple in alkaline solution, 

60H” + 2Be = Be 203 -“ + 3 H 2 O + 4e- El = 2.28. 

We can give no data on the equilibrium between Be208— and 
Be02— in the alkaline beryllate solutions. When the solutions 
are heated, the H 2 Be 02 form of the acid is said to be precipitated, 
but the data are insufficient for the calculation of its free energy. 

No values can be given for the solubility products of the phos¬ 
phate or the numerous basic salts of other negative ions. 

iBodforss, S., Z. physik. Chem., 124 , 66 (1926); ibid., 130 , 85 (1927). 
Cf. also Neumann, B., and Richter, H., Z. Elektrochem., 31 , 296 (1925). 

* Prytz, M., Z. anorg. allgem. Chem., 197, 111 (1931). 

* Bleyer, B., and Kaufmann, S, W., Z. anorg. Chem., 82, 83 (1913). 
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Magnesium 

The standard state of magnesium is the metal. For the sub¬ 
limation to give the monatomic gas, Kelley^ gave 35,907 

cal., 27,640 cal. 

Oxidation states. Although the -f2 oxidation state is the 
only one of importance, claims are made for the formation of 
compounds of the +1 state by high temperature reduction. 
The probable free energies will be discussed. The +2 hydroxide 
is distinctly basic. The hydroxide, carbonate fluoride, and 
ammonium phosphate are the more important slightly soluble 
compounds. 

Free energy of Mg^+ and its compounds. For the free energy 
of formation of magnesium ion, that is, the free energy of solution 
of magnesium in hydrogen ion, we find: A//®, —110,230 cal.; 
AS°, —8.2 cal. per degree; and AF°, —107,780 cal. The potential 
of the Mg—Mg"^"^ couple is, 

Mg - Mg^ + 2c", = 2.34. 

This value is to be preferred to the older value by Latimer® which 
was calculated from less accurate thermal data. 

We shall use the data of Kline^ for the solubility product of 
magnesium hydroxide, 

Mg(OH)2 = Mg^ + 20H-, K == 5.5 X lO'^^ 

The free energy of formation of the solid hydroxide then is 
— 193,300 cal., and the potential for the Mg—^Mg(OH )2 couple, 

20H- + Mg = Mg(OH)2 + 2e“, El = 2.67. 

Kelley and Anderson^ have given AF° for MgO as —136,370 
cal. and AF^ for MgCOs as —246,630 cal. Combining the latter 
with our values for the free energies of magnesium and carbonate 
ions would give about 10"® for the solubility product of mag¬ 
nesium carbonate. This probably is too small. However, it is a 

* Kelley, K. K., U. S. Bur. Mines Bull., No. 383 (1935). 

* Latimer, W. M., J. Phys. Chem., 31 , 1267 (1927). 

® Kline, W. D., J. Am. Chem. Soc., 51 , 2096 (1929). 

^ Kelley, K. K., and Anderson, C, T., U. S. Bur. Mines Bull., No. 384 
(1935). 
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fairly good check on the free energies, as these values were ob¬ 
tained from high temperature equilibria. Kline® reported 

MgCOs SHaO = Mg+^ + CO 3 — + 3 H 2 O, K = ca 1 X lO"® 

The solubility of magnesium ammonium phosphate was studied 
by Bube.® He found 

Mg(NH4)P04 = Mg+^ + NH 4 + + PO 4 —. 


K = 2.5 X 

Kohlrausch,^® from conductivity measurements, has recorded 
the following solubility products: 

MgFa = Mg^ + 2F-, K = 6.4 X 10“® 

MgC204 = Mg++ + C 2 O 4 —, K == 8.6 X 10-^ 

The free energy of Mg"^. It is claimed that the reduction of 
the magnesium dihalides at high temperatures results in the 
formation of the monohalides. 

Grimm and Herzfeld^^ employed a Born-Haber cycle to calcu¬ 
late the free energy of formation of the monohalides. A recalcu¬ 
lation of their cycle using our present data gives —29.3 kcal. for 
the heat of formation of MgCl and, except for any error involved 
in the assumption that MgCl has the same lattice energy as NaCl, 
the calculated heat should be correct to at least 5 kcal. Estimat¬ 
ing the entropy of MgCl to be equal to that of sodium chloride, 
one calculates —24,000 cal. for the free energy of formation. A 
third-law calculation for MgCh gives —143,000 cal. as its free 
energy. One then sees that the +1 chloride is very unstable with 
respect to the decomposition, 

2MgCl == MgCb + Mg, AF^ = -95,000 cal. 

Now the entropy of this reaction is so small that there will be 
no appreciable change in AF®, even at 1000°, and one may state 
definitely that either the subchloride is a mixture of the metal and 
the dichloride, or its lattice energy is far different from that of 
sodium chloride. The latter might be the case, as the ion, Mg+, 


8 Kline, W. D., J. Am. Chem. Soc., 51, 2093 (1929). 

• Bube, K., Z. anal. Chem., 49 , 557 (1910). 

Kohlrausch, F., Z. physik. Chem., 64 , 164 (1908). 

Grimm, H. G., and Herzfeld, K. F., Z. Physik., 16 , 77 (1923). 
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ItiBS 1 unpaired s electron and, like mercurous ion, will probably 
form the double ion, with an electron pair bond between 

the magnesium atoms. Additional evidence in favor of the sub¬ 
chloride is given by the work of Gomberg and Bachmann.^* In 
order to explain the action of a magnesium and magnesium iodide 
mixture in the reduction of certain organic compounds, these 
investigators were led to assume the formation of Mgl as an 
intermediate. 

However, the band spectra data on MgF(gas) lead to a heat 
of formation of 95 kcal., endothermic (Bichowsky and Rossini), 
which would definitely preclude the existence of the solid mono¬ 
fluoride. See also calcium in the -f-1 state. 

Calcium 

The standard state of calcium is the face-centered cubic form 
which is stable up to about 300® C. At least one and probably 
two other modifications exist at higher temperatures. For the 
process of sublimation, Kelleyhas given the following data: 
A/f®, 42,571 cal.; AF®, 34,508 cal.; and AS°, 27.06 cal. per degree. 

Oxidation states. Like magnesium, highly unstable +1 
halides may exist, but the only oxidation state stable in water 
solutions is the +2. The hydroxide is more basic than mag¬ 
nesium hydroxide and the solubilities of the sulfate and oxalate 
are much lower. 

Calcium free energies. The free energy of calcium ion may 
be calculated from the following data for the solution of the metal 
in acid: AH®, —129,740 cal.; AS®, 9.9 cal. per degree; and AF®, 
— 132,700 cal. For the potential of the Ca—Ca"*^ couple, one 
then computes, 

Ca = Ca-^^ + 2e-, F® = 2.87. 

Although the data are slightly different, the free energy and poten¬ 
tial are the same as calculated previously by Latimer. The 
best experimental value for this potential appears to be that of 
Tamele^ who obtained 2.76, using an amalgam electrode. 

For the free energy of solution of the hydroxide, we shall use 


“ Gomberg, M., and Bachmann, W. E., J. Am. Chem. Soc., 40, 236 
(1927). 

“ Kelley, K. K., U. 8. Bur. Mines Bull., No. 383 (1935). 
w Latimer, W, M., J. Phys. Chem., 81. 1267 (1927). 
w Tamele, M., J. Phys. Chem., 28, 502 (1924). 
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the value 6960 caL^® The free energy of the hydroxide then is 
— 214,830 cal. and the potential of the couple in alkaline solution, 

20H- + Ca = Ca(OH )2 + 2e- E% = 3.02 

The corresponding value for the solubility product is, 

Ca(OH )2 = Ca-H- + 20H-, == 7.9 X 10“® 

The most reliable value for solubility product of calcium car¬ 
bonate appears to be that of Frear and Johnston^^ who found 

CaCOs = Ca^ + COa"-, K = 4.82 X 10~», 

= 11,340 cal. 

Combining this with our free energies of the ions, we obtain for 
the free energy of formation of calcium carbonate, —270,430 cal. 
This value is in fairly good agreement with that calculated from 
the heat (Bichowsky and Rossini) and entropy of formation of 
the carbonate: A/f®, —289,500 cal.; AS®, 62.7 cal. per degree; 
AF®, -270,800 cal. 

Kelley and Anderson^® have calculated for the aragonite-calcite 
transition, 

CaCOs = CaCOs A//® = 42 cal., 

(aragonite) (caicite) 

AF“ = -273 cal. 

This free energy could be used to calculate the solubility product 
of aragonite. 

For the free eneigy of solution of calcium sulfate, Latimer, 
Hicks, and Schutz“ computed 6308 cal. 

CaSO«.2H,0 = Ca^ + SO«— + 2 H 2 O, K = 2A X 10-‘ 

The same authors*® summarized the data on the solubility of 
calcium oxalate and chose for AF°, 11,701 cal. 

CaCjOi-HjO = Ca++ + C 2 O 4 — + H 2 O, K = 2.27 X 10 -® 


•• Cf. Latimer, W. M., Schutz, P. W., and Hicks, J. F. G., Jr., J. Am. 
Cbem. Soc., 66 , 971 (1933). 

Frear, G. L., and Johnston, J., J. Am. Chem. Soc., 61, 2082 (1929). 

»• Kelley, K. K., and Anderson, C. T., U. S. Bur. Mines Bull., No. 384 
(1936). 

“ Latimer, W. M., Hicks, J. F. G., Jr., and Schutz, P. W., J. Chem. 
Phys., 1, 620 (1933). 

•• Latimer, W. M., Schutz, P. W., and Hicks, J. F. G., Jr., J. Am. Chem. 
Soc., 66 , 974 (1933). 
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Britton^^ gave the following values for the calcium phosphates: 

CaHP 04 - Ca++ + HPOr", iSC = ca 5 X 10~« 

Ca 4 ,(P 04)2 = 3Ca++ + 2 P 04 -“, K = I X 

From conductance measurements, Kohlrausch^^ reported, 

CaFj = Ca^ + 2F-, = 3.9 X 10^" 

The solubility of calcium iodate was studied by Kilde.^® He 
has recorded, 

Ca(I 08 ) 2 - 6 H 20 = Ca++ + 2IOr + 6 H 2 O, 

K = 1.93 X 10-^ 

PauP^ gave for the solubility product of the tartrate, 

CaC4H40fl.2H20 = Ca^ + C4H4O6— + 2H2O, 

K = 7J X l0-\ 

The free energy of the hydride, CaH 2 , is discussed under hydrogen 
and that of the peroxide, Ca 02 , under oxygen. 

Calcium in the +1 state. Guntz and Benoit^® claim the forma¬ 
tion of the subhalides by reduction with the metal at 1000 °. It 
has been pointed out by Bichowsky and Rossini that their heat 
of solution of CaCl in acid is just the value which would be given 
by a mixture of the metal and the dichloride. The heat of formar- 
tion of the subchloride from their work is —96.9 kcal. while the 
value calculated from a Born-Haber cycle is —40.3 kcal. and the 
corresponding free energies would be about —92 and —35 kcal. 
From band spectra data the heat of formation of the gaseous sub¬ 
fluoride, CaF, is 3 kcal. Estimating the heat of sublimation to 
be the same as that for potassium fluoride, 53 kcal., we find the 
heat of formation of the solid CaF to be —50 kcal. This value 
is in line with the Born-Haber cycle figure for CaCl, and would 
make the fluoride highly unstable. 

2 CaF(s) = Ca + CaF 2 , = -190 kcal. 

See also the discussion of +1 magnesium. 

Britton, H. T. S., J. Chem. Soc., 614 (1927). 

” Kohlrausch, F., Z. physik. Chem., 64, 145 COOS); 

»»Kilde, G., Z. anorg. allgem. Chem., 218, 115 (1934). 

Paul, T., Z. Elektrochem., 21, 549 (1915). 

** Guntz, A., and Benoit, F., Bull. soc. chim., 85, 709 (1924). 
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Strontium 

The standard thermodynamic state is the solid metal. Hart¬ 
mann and Schneider^® have given accurate data for the vapK)r 
pressure of the liquid. 

AF^ = 37,800 + 5.83 T log T - 44.58 T. 

There are no data on the solid, but we estimate: A AT®, 38,500 cal.; 
AaS°, 26.03 cal. per degree; AF°, 30,700 cal. 

Oxidation states. The +1 halides are known as unstable gas 
molecules, and claims are made for the solids (cf. magnesium 
and calcium). The +2 hydroxide is more basic than is calcium, 
and the solubilities of the +2 sulfates and chromates are less than 
the calcium salts. 

Strontium free energies. The free energy of the ion, Sr“^, 
may be calculated from the following data on the heat of solution 
of the metal in hydrogen ion: A//°, “-130,040 cal.; A>S°, 10.6 cal. 
per degree; AF°, —133,200 cal. From this free energy the poten¬ 
tial of the Sr—Sr^ couple is 

Sr = Sr++ + 2c-, = 2.89. 

This potential is to be preferred to the older value by Latimer^^ 
which was 0.03 volts higher. Cell measurements using amalgam 
electrodes do not appear to be completely reversible.^® The solu¬ 
bility of the octahydrated hydroxide, Sr(OH )2 • 8 H 2 O, is 0.086 M, 
Using 0.5 as a rough value for the activity coeificient, and neg¬ 
lecting the change in the activity of the water, we find the free 
energy of solution to be 4780 cal. and 

Sr( 0 H) 2 - 8 H 20 = Sr++ + 20H- + 8 H 2 O, 

ii: = 3.2 X 10-^. 

For the potential of the strontium couple in alkaline solution one 
then computes, 

8 H 2 O + 20H- + Sr = Sr( 0 H) 2 - 8 H 20 + 2 c-, 

El = 2.99. 


Hartmann, H., and Schneider, R., Z. anorg. allgem. Chem., 180, 
275 (1929). 

*7 Latimer, W. M., J, Phys. Chem., 31, 1267 (1927). 

*• Danner, P. S., J. Am. Chem. Soc., 46, 2390 (1924). 
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McCoy and Smith®* studied the solubility of strontium car¬ 
bonate. From their work, 

SrCO, = Sr++ -I- COj—, K = 9.42 X 10"“, 

= 12,310 cal. 

Our value for the free energy of formation of the carbonate, 
then, is —271,900 cal. 

Randall’® gave for strontium bicarbonate, 

Sr(HCO,), = Sr++ + 2HCO,- if = 1.83 X lO"*, 

AF° = 6314. 

From conductivity measurements Kohlrausch’* reported for 
18° C., 

SrC,04 H*0 = Si^ + C,04" + H*0, K = 5.61 X lO"* 

SrS 04 (ppt) = Sr++ + SO4", K = 2.8 X lO"^ 

SrFj = Si++ + 2F-, IT = 3 X lO"*. 

The solubility product of strontium chromate has been re¬ 
ported by Ruff and Ascher” as 

SrCr 04 = Sr^ -I- Cr 04 —, K = 3.6 X lO"* 

Strontium iodate Sr(IOj)* • 6HtO and phosphate Sri(P 04 )» are 
but slightly soluble, but no data can be given. 

Barium 

The standard state of barium is the metal. Hartmann and 
Schneider” have studied the vapor pressure of liquid barium. 
The free energy may be represented by the equation, 

AF° = 40,500 + 5.83 T log T - 40.32 T. 

McCoy, H. N., and Smith, H. J., J. Am. Chem. Soc., S3, 468 (1911). 
Cf. Kelley, K. K., and Anderson, C. T., U. S. Bur. Mines Bull., No. 3M 
(1935). 

” Randall, M., International Critical Tables, VII, 299. 

Kohlrausch, F., Z. physik. Chem., 64, 152 and 168 (1908). 

'* Ruff, O., and Ascher, £., Z. anorg. allgem. Chem., 186, 879 (1930). 

” Hartmann, H., and Schneider, R., Z. anorg. allgem. Chem., 100, 275 
(1929). Cf. Kelley, K. K., U. S. Bur. Mines Bull., No. 283 (1935). 
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There are no data on the solid. The entropy of sublimation is 
roughly AS®, 26.6 cal. per degree. 

Oxidation states. The existence of the molecule, BaCl, in 
barium flame spectra has been established. The solid subhalides 
are subject to the same doubts as expressed in the discussion of 
the similar compounds of calcium and magnesium. Marino*^ 
believed the product of the interaction of the metal and the 
dihalides to be a solid solution of the metal in the halide, and the 
energies of formation as calculated from Born-Haber cycles seem 
to bear out this contention. The +2 hydroxide is a fairly strong 
base. The solubilities of the sulfate and chromate are less than 
those of the lighter members of the group. 

Barium free energies. The free energy of the ion, Ba++, may 
be calculated from the following data on the solution of the metal 
in hydrogen ion: AH°, —128,360 cal.; AS®, 18.4 cal. per degree; 
AE®, —133,850 cal. The latter value is also the free energy of 
formation of the ion since the free energies of the other substances 
in the reaction are zero. One then calculates for the potential of 
the Ba—Ba++ couple, 

Ba = Ba^-*- + 2e-, E® = 2.90 

This value is the same as that previously calculated by Latimer.** 
Devoto** computed 2.96 from thermal data, and from the meas¬ 
urement of the decomposition potential of the molten chloride, 
obtained by extrapolation to 26®, he obtained 2.86. All the 
measurements in water solution with the amalgam electrode are 
much lower than the calculated reversible potential. 

The free energy of solution of barium hydroxide has been given 
by Lewis and Randall,” 

Ba(OH)s-8HjO = Ba++ -f- 20H- + 8HjO, 

AF® = 3140, 


iC = 5.0 X 10-». 


Marino, L., Atti. accad. Lincei, 24, II, 148 (1915), 

“ Latimer, W. M., J. Phys. Chem., 31, 1267 (1927). 

*• Devoto, G., Z. Elektrochem., 34, 21 (1928). 

'» Lewis, G. N., and Randall, M., Thermodynamics (McGraw-Hill, New 
York, 1923), p. 490. 
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The free energy of the hydrated hydroxide is —665,680 cal. and 
the potential of the couple in alkaline solution, 

8 H 2 O + 20H- + Ba = Ba( 0 H) 2 - 8 H 20 + 2 e-, 

El = 2.97. 

From the investigation of McCoy and Smith, 

BaCOg - Ba++ + CO 3 --, K = 4.93 X 10 ^®, 

= 11,330 cal. 

The free energy of formation of the carbonate is then computed 
to be —271,570 cal. Kelley and Anderson calculated —265,830 
cal. from the heat and entropy of formation of the carbonate. 
However, the value for the heat of formation of the carbonate 
which they used is 6000 cal. less (negative) than that selected by 
Bichowsky and Rossini. This would appear to account almost 
entirely for the discrepancy. 

For the free energy of solution of barium sulfate, Latimer, 
Hicks, and Schutz^® calculated 13,718 cal. from data by Neumann. 

BaS 04 = Ba++ + SOr", K = 9.9 X 10-^^ 

The solubility of barium sulfate in sulfuric acid has been studied 
by Hammett and Deyrup.^® 

Ba(HS 04)2 = Ba^ + 2 HSO 4 -, K = ca 2.7 

Kohlrausch^^ has given the following data: 

BaCr 04 = Ba++ + Cr 04 "", A = 2 X 10~^^ 

BaF 2 = Ba++ + 2F-, K = 1.7 X 10-^ 

BaC 204 - 3 iH 20 = Ba++ + C 2 O 4 — + 3iH20, 

K = 1.6^X 10-^ 


BaC 204 - 2 H 20 = Ba++ + C 2 O 4 — + 2H,0, 


Z = 1.1 X 10-^ 

** McCoy, H. N., and Smith, 11. J., J. Am. Chem. Soc., 33, 468 (1911). 
Cf. Kelley, K. K., and Anderson, C. T., U. S. Bur. Mines Bull., No. 3^ 
(1935). 

Latimer, W. M., Hicks, J. F. G., Jr., and Schutz, P. W., J. Chem. 
Phys., 1, 620 (1933). 

Hammett, L. P., and Deyrup, A. J., J. Am. Chem. Soc., 65,1908 (1933). 
Kohlrausch, F., Z. physik. Chem., 64, 145 and 158 (1908). 



Chap. XX] 


GROUP II ELEMENTS 


281 


From the work of Schlesinger and Siem,^^ 

BaMn04 = Ba++ + MnOr", X = 2.5 X 10^'®. 

Using the activity coeflScient, 0.85, and the solubility of barium 
iodide, 7.9 X 10~^ Af, given by Harkins and WinninghofF,^ the 
solubility product of the iodate is, 

Ba(I08)2 H20 = Ba^ + 2108' + HjO, K = 1.25 X 10-® 

The free energy of solution of barium bromate was given by 
Greensfelder and Latimer^ as 7171 cal. The solubility product 
is, 

Ba(Br08)2 • H 2 O = Ba^^ + 2Br08- + H 2 O, X = 5.5 X 10-«. 

The solubilities of both the chloride and nitrate at 25*^ C. are 
not large. From the free energies of solution, —280 cal. and 
3200 cal., respectively,^^ one calculates 

BaCl2*2H20 = Ba++ + 2Cl-“ + 2 H 2 O, K = 1.6 
Ba(N03)2 = Ba++ + 2 NO 3 -", iJ' = 4.5 X 

Barium orthophosphate and the mono- and di-acid phosphates 
are but slightly soluble, but no quantitative data are available. 

Barium peroxide and barium hydride are discussed under 
oxygen and hydrogen. 

Radium 

Radium metal has been prepared by first forming an amalgam 
by electrolysis of a radium chloride solution and then distilling 
off the mercury. It appears to be similar to barium in its proper¬ 
ties. Judging from the trend in the group, the free energy of 
the ion and potential of the Ra—Ra^ couple are probably very 
close to the corresponding values for barium. Because of the 
greater size of the radium ion, it is to be expected that the hydrox- 

« Schlesinger, H. I., and Siem, H. B., J. Am. Chem. Soc., 46,1971 (1924). 
Cf. Landolt-Bornstein Tabellen ///, p. 2134. 

^’Harkins, W. D., and Winninghoff, W. J., J. Am. Chem. Soc., 33, 
1827 (1911). 

** Greensfelder, B. S., and Latimer, W. M., J. Am. Chem. Soc., 60, 
3289 (1928). 

Brown, O. L. I., Smith, W. V., and Latimer, W. M., J. Am. Chem. 
Soc., 68, 1758 (1936); Latimer, W. M., and Ahlberg, J. E., Z. physik. Chem., 
A148, 464 (1930). 
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ide will be more basic. The solubility product for radium sulfate 
has been given by Nikitin and Tolmatscheff/® 

RaSOi = Ra++ + SOr" , K = 4.25 X 10-“ 

This value is just slightly less than that for barium sulfate. The 
chromate and nitrate are probably also less soluble than the 
corresponding barium salts. 

Summary of group potentials. For ease in comparison, the 


following summary of the group potentials is given; 

E° 

Be—Be++ 

1.70 

Mg—Mg*^" 

2.34 

Ca—Ca^ 

2.87 

Sr—Sr^ 

2.89 

Ba—Ba"^ 

2.90 


** Nikitin, B., and Tolraatscheff, P., Z. physik. Chem., A167, 269 (1933). 
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Lithium, Sodium, Potassium, Rubidium, and 

Cesium 

The elements of this group have but one valence electron and 
the state of the monatomic gas atoms is Because of 

the similarity and simplicity of the chemistry, the various thermo¬ 
dynamic properties will be discussed for the group as a whole. 

The data in Table 31 for the sublimation of the elements has 
been summarized by Kelley.^ At low concentrations of the 
metal vapors, the gases are monatomic, but at higher concentra¬ 
tion appreciable formation of the diatomic molecules occurs. 
The heats of formation, entropies, and free energies of these 
diatomic molecules are known (cf. Bichowsky and Rossini and 
the entropy tables. Appendix V). The standard thermodynamic 
states of the elements are, of course, the solid metals. 

Oxidation states. The only oxidation state is the +1* The 
so-called ^^subhalides’^ are obviously solid solutions or ‘^colloidal 
solution^^ of the metals in the halides. Because of the low charge 
and large size of the +1 ions, the hydroxides are all soluble strong 
bases. The salts of the alkali metals with the common negative 
ions, with few exceptions, are readily soluble. In fact, salts with 
a solubility of less than 0.01 M are very rare. 

The.metal-metal ion potentials. Lewis and his co-workers^ 
have measured ihe potentials of all the alkali ions except cesium 
against the alkali metal amalgam electrodes at such low concen¬ 
trations of the metal that the decomposition of the water did not 
occur. They then measured the e.m.f. of the amalgam against 
the pure ipetal in nonaqueous solvents. These investigations 
were carried out wdth remarkable skill and ingenuity and their 
jB® values for sodium and potassium are probably accurate to 
one-thousandth of a volt. However, the experimental difficulties 

I Kelley, K. K., U. S. Bur. Mines Bull., No. 383 (1935). 

* Cf. Lewis, G. N., and Randall, M., Thermodynamics (McGraw-Hill, 
New York, 1923), p. 414, 
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in the case of lithium and rubidium were somewhat greater and 
these potentials are not in good agreement with those which we 
may calculate from thermal data. These calculations have been 
summarized in Table 32. The data refer, of course, to the solu¬ 
tion of the metals in acid to form the ion and hydrogen gas. The 
agreement of the calculated and experimental for sodium 
and potassium, for which both the thermal data and e.m.f. 
measurements are most reliable, is satisfactory. At present we 
are unable to account for the discrepancies in the other two cases, 
especially in the case of lithium. The two most recent determina¬ 
tions of the heat of solution of the metal in water agree to 100 cal. 
and the error in the entropies would not appear to be greater than 
350 cal., yet the deviation found is of the order of 2300 cal. For 
the free energies of formation of the ions, the following values in 
calories will be adopted: LP, —70,700; Na+, —62,590; K"*", 
-67,430; Rb+ -68,800; Cs+, -70,280. 


Table 31 

HEATS, ENTROPIES, AND FREE ENERGIES OF SUBLIMATION 
OF THE ALKALI METALS AT 298.15'* K. 


Element 

A//® 

AS“ 

AF* 

Li 

36,439 

26 45 

28,807 

Na 

25,949 

24.52 

18,639 

K 

21,521 

23.10 

14,637 

Rb 

20,505 

24.00 

13,352 

Cs 

18,828 

22.13 

12,231 


Free energies of solution of alkali salts. Data will be given 
for the free energies of solution of the more common alkali metal 
compounds. This has not been done for the soluble salts of the 
other elements but the importance of these compounds would 
seem to warrant the inclusion of these data. If the solubility and 
activity coefficients for the saturated solutions are known, the 
free energy may be obtained by the ordinary thermodynamic 
methods. If the salt is a highly soluble hydrated compound, 
the activity of the water must also be taken into account. For 
those cases in which the activities are not known, and also cases 
in which it is desired to know the free energy of solution of some 
solid phase other than the one in equilibrium with the solution 
at 25°, the free energy may be calculated from the heat of solution 
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(at infinite dilution) and the entropy of solution (hypothetical 
1 Af). The latter quantity is obtained from our values for the 
entropy of the solid and the aqueous ions. Heats of solution are 
from Bichowsky and Rossini, corrected to 25® C. 

Lithium hydroxide. The AH® of solution is —4850 cal.; AS® 
is —10.6 cal. per degree. The AF® of solution then is —1690 cal. 

Lithium carbonate. The solubility is 0.169 M] the activity 
coefficient is 0.59. One then computes AF® = 3280 cal. 

Lithium sulfate {anhydrous), AH® is —6700 cal.; AS®, —21.8 
cal.; and AF® is —190 cal. 

Lithium fluoride. The solubility is 0.10 M, The activity 
coefficient has not been determined up to the saturated solution, 
but 0.72 would appear to be a fairly good estimate. AF® = 
3120 cal. 


Table 32 

SUMMARY OF THERMAL DATA USED TO CALCULATE ALKALI 
METAL POTENTIALS 
(Comparison with e.m.f. values) 


Metal 

5* 

Element 

S* 

Ion 

AS* 


AF* 

E* 

Calc. 

E* 

Exp. 

Li 

6.7 

4.7 

13.6 

-66,628 

-70,700 

3.06 

2.957 

Na 

12.2 

14.0 

17.4 

-57,479 

-62,685 

2.72 

2.712 

K 

15.2 

24.2 

24.6 

-60,270 

-67,630 

2.93 

2.922 

Rb 

18.1 

28.7 

26.2 

-61,040 

-68,890 

2.99 

2.924 

Cs 

19.8 

31.8 

27.6 

-62,040 

-70,280 

3.04 



Lithium chloride. The salt is very soluble; hence the calculation 
will be made from thermal data. AH® = —8970 cal. The 
estimated entropy of the solid chloride is 16.3. AS® = 1.9; 
AF® = -9540 cal. 

Sodium hydroxide {anhydrous). AH® = —10,380 cal.; AS® = 
—2.3 cal. per degree, AF® = —9700 cal. From the free energies 
of the ions, one computes for the free energy of formation of the 
solid, —90,475 cal. 

Sodium fluoride. Solubility, 1.00 M. The activity of the 
saturated solution has not been determined, but y = 0.60 is 
obtained by extrapolation. AF® = 610 cal. 

Sodium chloride. Solubility, 6.14 M. For the saturated solu¬ 
tion 7 is 1.013. AF® = - 2165 cal. The free energy of formation 
of the solid is —91,770 cal. 
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Sodium bromide. The dihydrate is quite soluble but there are 
not sufficient data to calculate the free energy. For the an¬ 
hydrous salt, the following calculation can be made: Aff® is 280 
cal. and A>S® is 12.7 cal. per degree, using an estimated entropy 
of 21.0 for NaBr. AF® of solution then is —3510 cal. 

Sodium iodide. No data can be given for the dihydrate. For 
the anhydrous salt, we find: A//®, —1860 cal.; AS®, 16.8 cal. 
(using the estimated entropy of the solid as 22.5); and AF®, 
— 6870 cal. 

Sodium nitrate. The solubility is 10.83 M and the activity 
coefficient, 0.355. AF® is —1596 cal. 

Sodium carbonate. There are not sufficient data to calculate 
the free energy of solution of the decahydrate. For the anhydrous 
salt, we find; A/f®, —6000 cal.; AS®, —17.5 cal. per degree; and 
AF®, — 780 cal. From the free energies of the ions, one then calcu¬ 
lates for the free energy of formation of the solid salt, —250,800 
cal. Kelley and Anderson^ reported —251,110 cal. from the 
heat and entropy of formation of the solid. 

Sodium bicarbonate. A//® of solution is 3800 cal. and AS®, 
11.8 cal. per degree. One then calculates for AF®, 280 cal. 

Sodium sulfate. For the anhydrous salt, we find the following 
data: AFT®, —880 cal.; AS®, —5.9 cal. per degree (based on an 
estimate of 38.0 for the entropy of the solid sulfate); and AF®, 
880 cal. 

Potassium hydroxide. The following thermal data may be 
given for the solution of the anhydrous solid: A//®, —13,200 cal.; 
AS®, 6.5 cal. per degree (entropy of KOH estimated as 15.2); 
and AF®, -15,140 cal. 

Potassium chloride. The solubility is 4.81 M and the activity 
coefficient for the saturated solution, 0.576. One then computes 
for AF®, —1207 cal. Combining this value with the free energy 
of the ions, w^e find the resulting free energy of formation of the 
solid to be —97,555 cal. 

Potassium bromide. The solubility is 5.68 M and the activity 
coefficient for the saturated solution, 0.65. One then calculates 
— 1550 cal. for AF® of solution. The free energy of the solid 
salt is —90,450 cal. 

* Kelley, K. K., and Anderson, C. T., U. S. Bur. Mines Bull., No. 384 
(1935). 
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Potassium iodide. AH^ of solution is 4930 cal.; AS® is 25.4 
cal. per degree; and AF®, —2650 cal. 

Potassium sulfate. For the thermal data pertaining to the 
solution of the salt, we find: A£f®, 5720 cal.; AS®, 7.7 cal. per 
degree; and AF®, 3420 cal. 

Potassium nitrate. AH° is 8330 cal.; AS® is 27.4 cal. per degree; 
and AF® of solution, 140 cal. 

Potassium chlorate. The solubility is 0.715 M and the activity 
coefficient for the saturated solution is taken as 0.476. The free 
energy of solution then is 1277 cal. 

Potassium carbonate. A/f® is —7180 cal.; AS®, —0.1 cal. per 
degree; and AF® of solution, —7150 cal. 

Potassium perchlorate. The solubility is 0.148 M and the 
activity coefficient for the saturated solution is 0.70. The free 
energy of solution then is 2690 cal. 

Potassium bromate. The solubility is 0.48 M and the activity 
coefficient for the saturated solution is 0.50. The free energy of 
solution then is 1690 cal. 

Potassium iodate. The solubility is 0.43 M and the activity 
coefficient for the saturated solution is 0.52. The free energy 
of solution then is 1770 cal. 

Potassium permanganate. The solubility is 0.482 M and the 
activity coefficient for the saturated solution is 0.49. The free 
energy of solution then is 1710 cal. 

Potassium chloroplatinate. The solubility is 0.0178 Af, assum¬ 
ing an activity coefficient of 0.7; the AF® of solution is 6780 cal. 

KjPtCle = 2K+ + PtCle—, K ^ 1.1 X KH 

There are no data on the entropies of rubidium compounds. 
In the following calculations these values have been estimated 
by adding 2.3 entropy units per gram atom of rubidium to the 
entropy of the corresponding potassium compound (cf. Ap¬ 
pendix V). 

Rubidium hydroxide. The A/f® of solution is —14,700 cal. 
and AiS® is 8.7 cal. per degree. One then computes for AF®, 
-17,300 cal. 

Rubidium chloride. AH° is 4030 cal. and AS® is 20.1 cal. per 
degree. AF® then is —1970 cal. 

Rubidium sulfate. AH^ is 6000 cal. and AS® is 12.1 cal. per 
degree. AF® is 2370 cal. 
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Rubidium carbonate, AH^ is —9620 cal. and A/S®, 4.3 cal. per 
degree. AF® is —10,800 cal. 

Rubidium nitrate, AH^ is 9310 cal. and A5®, 29.6 cal. per 
degree. AF® is 470 cal. 

Rubidium chlorite. The solubility is 0.392 M; the activity 
coefficient is 0.52. One then calculates for the free energy of 
solution, AF®, 1880 cal. 

Rubidium 'perchlorate. The solubility is 0.065 M\ the activity 
coefficient, 0.77. AF® is 3560 cal. 

There are no data on the entropies of cesium compounds. In 
the following calculations these values have been estimated by 
adding 3.6 entropy units per gram atom of cesium to the entropy 
of the corresponding potassium compound (cf. Appendix V). 

Table 33 

SUMMARY OF FREE ENERGIES OF SOLUTION OF CERTAIN 
ALKALI COMPOUNDS 
(Values in calories) 



OH- 

Cl- 

so«-- 

COr- 

Li+ 

-1,690 

-9540 

-190 

3,280 

Na+ 

-9,800 

-2165 

880 

-780 

K+ 

-15,140 

-1207 

3420 

-7,150 

Rb+ 

-17,300 

-1970 

2370 

-10,800 

Cs^ 

-19,900 

-2250 

-320 

-14,780 


Cesium hydroxide. A//® is —16,800 cal. and AS® is 10.4 cal. 
per degree. For the free energy of solution, one calculates 
AF®, -19,900 cal. 

Cesium chloride. A//® is 4300 cal. and AS®, 21.9 cal. per degree. 
AF® is —2250 cal. 

Cesium sulfate. AH® is 4370'cal. and A^®, 15.7 cal. per degree. 
AF® is —320 cal. 

Cesium carbonate. AH® is —12,420 cal. and A>S®, 7.9 cal. per 
degree. AF® is —14,780 cal. 

Cesium nitrate. AH® is 9570 cal. and A5®, 31.4 cal. per degree. 
AF® is 200 cal. 

Cesium perchlorate. The solubility is 0.088 M and the activity 
coefficient of the saturated solution 0.723. AF® of solution is 
3270 cal. 
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Trends in the solubilities of the alkali compounds. In order 
to note certain trends in the solubilities of the alkali compounds, 
the data for a few of the more common compounds have been 
summarized in Table 33. As is to be expected, the free energies 
of solution of the hydroxides increase regularly with the increasing 
size of the positive ions. The same is true of the carbonates. 
The solubilities of both the chloride and sulfate are a minimum 
for potassium. 




APPENDIXES 




APPENDIX I 


Summary of Oxidation-Reduction Potentials 

It is often desirable to know the various couples which have 
potentials around a given voltage. For this reason a summary, 
with the couples arranged in order of decreasing values, is 
given. The couples have been separated into two tables, one 
for acid solutions and one for basic solutions. This has been 
done, in part, for facility in comparisons and, in part, because 
the free energy of the completed reactions with the hydrogen 
couple requires the use of the acid value for this couple in the 
first case and the alkaline value in the second (see Chapter I). 
This chapter should also be consulted for the definition of and 
conventions regarding sign. There are, of course, a large number 
of couples whose potentials are independent of the acid concen¬ 
tration. These might have been listed in a third table, but they 
have been given in the table for the acid solutions, although a few 
of the more common are repeated in the table for basic solutions. 
Values for many additional couples of lesser importance are to 
be found in the text. 
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OXIDATION-REDUCTION POTENTIALS [App. I 


ACID SOLUTIONS 


Couple 


Li « Li"** + 

3.02 

Cs “ Cs"^ -f 

3.02 

Rb =* Rb'*’ -j- 

2.99 

K « K+ 4- e- 

2.922 

Ba » + 2e” 

2.90 

Sr - Sr++ + 2e- 

2.89 

Ca =» Ca"*”^ -f" 2c“’ 

2.87 

Na =» Na"^ 4- e~ 

2.712 

La =s La"*"^^ 4* Se" 

2.37 

Mg “ 4- 2e~ 

2.34 

H- - iUi + e- 

2.23 

2 H 2 O + Th « ThOa 4- 4H+ 4- 46- 

1.80 

Ti - Ti++ 4- 26- 

1.75 

Be « Be"^ 4- 26“ 

1-70 

H 2 O 4- Hf = -1- 2H^ 4- 46- 

1.68 

A1 « A1+++ 4- 36- 

1.67 

2HjO + Zr = ZrOj + 4H+ + 4e- 

1.43 

Mn » Mn*^ 4- 26- 

1.05 

2 H 2 O + Ti = TiOaCamorp) 4- 4H'^ 4* 46“ 

^ 0.95 

2H,0 Si = SiOj + 4H+ + 4«- 

0.84 

2 H 2 O + U = UOa-^ 4- 4H^ 4- 66- 

0.82 

I- 4" Tl = Til 4- e- 

0.765 

Zn » Zx&^ 4 - 26- 

0.7620 

2C1- 4- Cr « CrCla- 4- 36" 

0.74 

3 H 2 O 4" B = H 3 BO 3 4" 3H‘*' 4” 36“ 

0.73 

5 H 2 O 4- 2Ta - TaaOfi 4- 10H+ 4- 106“ 

0.71 

Cr « Cr+-^ 4- 36" 

0.71 

HaTeCaq) = Te 4- 2H-" 4- 26“ 

0.69 

Br- 4- Tl = TlBr 4- e* 

0.658 

5 H 2 O 4- 2Cb = CbaOs 4“ 10H+ 4- 106“ 

0.62 

H 2 O 4- H 3 PO 2 = H 3 PO 3 4- 2H-^ 4- 26- 

0,59 

Cl- 4- Tl « TlCl 4- e- 

0.557 

AsH, =» As 4- 3H+ 4- 36“ 

0.54 

Ga « Ga+^^ 4- 36- 

0.52 

H2C204(aq) - 2C02(g) 4- 2H+ + 26“ 

0.49 

3 H 2 O 4“ P » H 3 PO 5 4“ 3H+ 4- 36“ 

0.49 

Fe » Fe++ 4- 26- 

0.440 

Eu++ «* 4- 

0.43 

H 2 = 2H+(10-^ M) 4- 26- 

0.414 

Cr++ = Cr+'^+ 4- €“ 

0.41 

Cd « f 26- 

0.4020. 

21- 4- Pb = Pbl2 4- 26- 

0.365 . 

HaSeCaq) « Se 4- 2H+ 4* 26“ 

0.36 

SOr- 4- Pb « PbS04 4" 26- 

0.355 

In « 4- 36“ 

0.340 

T1 « Tl^ 4- 6- 

0.3363 

2 H 2 O + P » H 3 PO 2 + 4- e- 

0.29 



App. I] OXIDATION-REDUCTION POTENTIALS 


295 


ACID SOLUTIONS (Continued) 

Couple 


2Br‘ -f- Pb =» PbBra + 2 c"' 

0.280 

Co « + 2c” 

0.277 

HjO 4- §C!,N 2 (g) = HCNO -f H+ e- 

0.27 

2 C 1 - 4 - Pb = PbCL 4- 2 e- 

0.268 

Ni - Ni-H- 4 - 2c”- 

0.250 

2 H 2 O 4 - HS 2 O 4 - = 2 H 2 SO, 4 - H+ 4 - 2e- 

0.23 

V++ « v++-^' 4 c- 

0.20 

H 2 O 4 HaPOs « H 8 PO 4 4 2 H+ 4 2 c- 

0.20 

I- 4 Cu « Cul 4 e~ 

0.187 

I- 4 Ag « Agl 4 e- 

0.151 

HCOOH(aq) = CO^Cg) 4- 2H+ 4- 2 «- 

0.14 

Sn =» 4 2c- 

0.136 

H,0 4- CHaCHO(aq) = CH,COOH(aq) 4- 2 H+ 4- 2 e- 

0.13 

Pb - Pb^ 4 2 c- 

0.126 

2 NH,OH+ = N,0 4- H,0 4- 6 H+ 4- 4e- 

0.05 

21- 4- 2Hg = HgJj 4- 2e- 

0.0405 

41- 4 - Hg = Hglr 4- 2 e- 

0.04 

PH,(g) = P 4- 3H+ 4- 3e- 

0.04 

Fe = Fe'-++ 4- 3*“ 

0.036 

H 2 O 4 HCHO(aq) = HCOOH(aq) 4 2 H+ 4 2 c- 

0.01 

Da « 2 D+ 4 2 c“ 

0.0034 

21- 4 - Cu = Culj- 4- e- 

0.00 

H, « 2H+ 4 2 c- 

0.000 

2 S 2 O 3 4 Ag = Ag ( 8203)2 4 

- 0.01 

HaO 4 HCHO(aq) » HCOOH(aq) 4 2 H-^ 4 2 c- 

- 0.01 

Br- 4 Cu = CuBr 4 e- 

-0.033 

2 Br" 4 Cu = CuBra” e~ 

-0.05 

Br- 4 Ag = AgBr 4 e~ 

-0.073 

HaO 4 Ti-^ » TiO^ 4 2 H^ 4 e- 

ca — 0.1 

Cl- + Cu = CuCl 4“ e- 

-0.124 

2Br7 4 2 Hg « HgaBra 4 2 c- 

-0.1397 

Has' « S 4 2 H+ 4 2 c- 

-0.141 

4H,0 4 Re « RcOr + 8 H+ 4 Tc" 

-0.15 

Sn++ « Sn-^* 4 2 c- 

-0.15 

4C1- 4 Bi « BiClr + 3c- 

-0.16 

Cu+ « Cu-^ 4 e- 

-0.167 

2820 * ®=* S40e 4* 2 c- 

-0.17 

2 C 1 - 4 Cu « CuCla- 4- e- 

-0.19 

HaO 4 HaSOs « SOr“ 4- 4H^ 4 2 c- 

- 0.20 

2HaSO, « SaOr- 4- 4H+ 4 2 c- 

- 0.20 

2HaO 4- SaOr- « 2 SOr- 4 4H^ 4 2 c- 

- 0.20 

4Br- 4 Hg « HgBr 4 4" 2 c- 

- 0.21 

Sb 4- HaO « SbO+ 4- 2H+ 4* 3c- 

- 0.212 

Cl~ 4 Ag « AgCl 4- 

- 0.2222 

CH,OH(aq) « HCHO(aq) 4 2 H+ 4 2 c- 

-0.24 

2H,0 4- As - HAsOa(aq) 4 3H^ 4 3c- 

-0.2475 

2C1- 4 2Hg « HgaClj 4 2c- 

-0.2676 

2SQa 4 Ag » Ag(S 03)2 4 

-0.30 
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ACID SOLUTIONS (Continued) 

) Couple 


H 2 O + V+++ = VO++ -f + 6- 

-0.314 

H*0 -f Bi - BiO+ -f 2H+ + 3e“- 

-0.32 

UOj = UO 2 ++ + 2e- 

-0.33 

HCN = iC2N2(g) 4- H+ -1- e- 

-0.33 

Cu « Cu++ 4“ 2€- 

-0.3448 

Fe(CN)6“^ - Fe(CN)6— + 6" 

-0.36 

lOs"* + Ag = AglOs 4- 6“ 

- 0.37 

4C1- 4- Hg = HgClr- 4- 2e- 

-0.38 

210 ,- + Hg = Hg(I 03 ),( 8 ) -t- 2e- 

-0.40 

3 H 2 O 4“ S 2 O 3 "- = 2 H 2 SO 3 4- 2H+ 4- 4e- 

-0.40 

2 NH 3 OH+ = H 2 N 2 O 2 4- 6H^ 4- 4e- 

-0.44 

; . 3 H 2 O 4- S - H 2 SO 3 4- 4H+ 4- 4e- 

-0.45 

6HjO 4- SiO,— = 4 H 2 SOJ 4- 4H+ 4- &e~ 

-0.48 

1“ 4" Au = Aul 4- 

-0.50 

Cu = Cu+ 4- 

-0.522 

2 H 2 O 4 - Te = TeOj(8) 4- 4H+ 4- 4e- 

-0.529 

21- = I 2 4- 2e- 

-0.5345 

31- = I 3 - 4- 26- 

-0.5355 

BrOa"" 4 - Ag = AgBrOa 4* 

-0.55 

2 H 2 O 4- HASO 2 « H 3 ASO 4 4- 2H^ 4- 26- 

-0.559 

2 H 2 O 4- Te = TeOjH-^ 4- 3H^ 4- 46" 

-0.559 

CuCl « Cu^ + Cl- 4- e“ 

-0.566 

H 2 O 4- CH4(g) « CHaOHCaq) 4- 211^ 4- 26" 

-0.58 

H 2 N 2 O 2 = 2NO 4- 2H+ 4- 26" 

-0.60 

SOr- 4- 2Hg = Hg 2 S 04 4- 26“ 

-0.6151 

2Br“ 4- PtBr4 = PtBrs + 26" 

-0.63 

4C1- 4- Pd = PdCh— 4- 26- 

-0.64 

3 H 2 O 4- 2SbO+ = SbaOfi 4- 6H+ 4- 46" 

-0.64 

SO 4 — 4- 2Ag = Ag2S04 4- 26- 

-0.653 

CuBr « Cu+^- 4- Br- 4- 

-0.657 

3 NH 4 + = HNa 4“ 11H+ 4- 86- 

-0.66 

2 H 2 O 4- 2SbO+ = Sb204 4- 4H+ 4- 26“ 

-0.68 

3 H 2 O 4- SaOe— = 3 H 2 SO 3 + 26- 

-0.68 

H 2 O 2 = O 2 4- 2H-^ 4- 26- 

-0.682 

Cul 2 *~ = Cu-^^ 4“ 21- 4- e- 

-0.690 

2C1- 4- PtCU— = PtClft— 4- 26- 

-0.72 

6C1- + Ir ^ IrCle-4- 36" 

-0.72 

4C1- 4- Pt = PtClr" 4- 26- 

-0.73 

Se 4- 3 H 2 O *= HiSeO, 4- 4H^ + 46" 

-0.740 

2CNS- = (CNS)2 + 26- 

-0.77 

Fe+^ = Fe^ 4> 6“ 

-0.771 

2Hg « Hg2-^ 4- 26- 

-0.7986 

Ag = Ag+ 4- 6“ 

-0.7995 

H 2 N 2 O 2 4- 2 H 2 O = 2 HNO 2 + 4H+ 4- 46- 

-0.80 

2 H 2 O 4- N 2 O 4 « 2NOs- 4- 4H+ 4- 26- 

-0.81 

2 H 2 O » Oa + 4H+(10“W) 4- 46- 

-0.815 

2Br- 4“ AuBra~ =» AuBrr 4- 26“ 

--0.82 

Pd « Pd-^^ 4- 26- 

-0.83 
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ACID SOLUTIONS {Continued) 


Couple 


4HsO -1- Os = 080,(8) + 8H+ + 8e- 

-0.85 

Hg « Hg^ 4- 2e- 

-0.854 

4Br~ + Au » AuBrr + 3e~ 

-0.87 

Cul = Cu^ 4- I- 4- e- 

-0.877 

= 2Hg-^ + 2e- 

-0.910 

HNO 2 4“ H 2 O = NO 3 - 4- 3H^ 4- 2e- 

-0.94 

2 H 2 O + NO = NO 3 - 4- 4H+ 4- 3e- 

-0.96 

2Br” 4 - Au = AuBr 2 ~ 4- 

-0.96 

NO + H 2 O = HNO 2 4- 4- e- 

-0.99 

H 2 O 4- 1“ = HIO 4- 4- 2e- 

-0.99 

2 H 2 O 4- Pt - Pt(0H)2 4- 2H^- 4- 2c- 

-0.99 

3 H 2 O 4- V0+^ = V(OH)/ 4- 2 H^- 4 - 

-l.(K)0 

4C1“ 4 - Au — AuClr 4- 3c~ 

-1.00 

CIO.,- -1- HsO = 2H+ + ClOr + 2c- 

-1.00 

4HjO -t- TeOaCs) = H.Te06(8) 4- 2IU + 2c- 

-1.02 

IrCle “ IrCle 4“ 6"" 

-1.021 

H 2 O 4 - S 2 O 3 -- = HSjOr 4- 4 - 2e- 

-1.03 

2 H 2 O 4- 2N0 = N 2 O 4 4- 4H^ 4- 4c- 

-1.03 

3Br- = Brj- + 2e- 

-1.05 

2C1- + iL = ICI 2 - + e- 

-1.06 

2Br- = Brad) + 2e- 

CD 

0 

7 

2 HNO 2 = NjO, -t- 2H+ 4- 2c- 

-1.07 

3 H 2 O 4- I- = lOa- 4- 6H-^ 4- 6«- 

-1.085 

2Br- = Bralaq) 4- 2e- 

-1.087 

ILO 4- HjSeO, = SeOr" 4- 4H+ 4- 2e- 

-1.15 

ilj 4- SHjO = 10,- 4- 6H+ 4- Sc' 

-1.195 

Pt = Pt++ 4- 2«- 

ca —1.2 

2HjO = 0, 4- 4H+ 4- 4c- 

-1.229 

HClOj 4- RaO = 3H+ 4- CIO,- 4- 2c- 

-1.23 

2 NH 4 + - N 2 Ha+ 4- 3H+ 4- 2c- 

-1.24 

T1+ = Tl-^ 4- 2€- 

-1.25 

2H,0 4- Mn++ = MnO, 4- 4H+ 4- 2c- 

-1.28 

PdCL— 4- 2C1- = PdCl,— 4- 2e- 

-1.288 

N,0 4- 3H20 = 2HN0, 4- 4H+ 4- 4c- 

-1.29 

Au+ = Au-^++ 4- 2c- 

ca —1.29 

HjO 4- Br- = HBrO 4- H+ 4- 2e- 

-1.33 

iCl, 4- 4H,0 » 8H+ 4- ClOr 4- 7e- 

-1.34 

H 2 O 4- NH,+ = NH,OH+ 4- 2H+ 4- 2c- 

-1.35 

Cl- = iCl, 4- e- 

-1.3583 

TlCl = Tl-^ 4- Cl- 4- 2c- 

-1.36 

7H,0 4- 2Cr+++ = CrjO,— 4- 14H+ 4- 6c- 

-1.36 

3HiO 4- 2Au = AujO, 4- 6H''' 4- 6c- 

-1.363 

H,0 4- Rh-^ = RhO++ 4- 2H+ 4- «" 

-1.40 

Au - Au+++ 4- 3c- 

-1.42 

3H,0 4- Br- =» BrO,- 4- 6H+ 4- 6c- 

-1.44 

}I, 4- HjO - HIO 4- H+ 4- c- 

-1.45 

3H,0 + Cl- » CIO,- 4- 6H+ 4- 6c- 

-1.45 

2H,0 4- Pb++ = PbO, 4- 4H+ 4- 2e- 

-1.456 
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ACID SOLUTIONS {Concluded) 


Couple 


3 H 2 O + RhO+“^ = RhOr- -f 6H+ 4- 2e- 

-1.46 

N 2 H 6 + 4- 2 H 2 O - 2 NH 3 OH+ 4* 4- 2e- 

-1.46 

iCl2 4- 3 H 2 O = 6H+ 4- CIO 3 - 4- 5e- 

-1.47 

H 2 O 4- Cl- - HCIO 4- H+ 4- 26 - 

-1.49 

+ 6 " 

-1.51 

JBrj + 3 H 2 O = BrOr -|- 6H+ + 5e- 

-1.52 

4 H 2 O + Mn++ = MnOr 4- 8H+ + Se" 

-1.52 

2 H 2 O + Cl- = HClOj + 3H+ - 1 - 4e- 

-1.56 

2 H 2 O 4 - 2 BiO+ - Bi 204 4 - 4H+ 4 - 26 - 

ca —1.59 

iBra 4- H 2 O - HBrO 4- 4- c" 

-1.59 

N 2 O 4- H 2 O = 2 NO 4- 2 H-" 4- 26 " 

-1.59 

= Ce-^* 4 - e- 

-1.61 

iCla -f H 2 O - H+ 4- HCIO 4- 

-1.63 

JCI 2 - 1 - 2 H 2 O = 3H+ + HCIO 2 + 3e- 

-1.63 

2 H 2 O + MnOj = MnOr + 4IU + 3e~ 

-1.67 

All = Au^ 4- €- 

- 1.68 

2 H 2 O + PbSO. = PbOj + SO 4 — + 4H+ + 2 €- 

-1.685 

Pb++ = Pb+* 4- 2e- 

-1.69 

3 H 2 O 4- IO 3 - = H JO« + 4- 26- 

ca -1.7 

2 H 2 O 4 - Ni++ = NiOj 4- 4IU 4- 2c- 

-1.75 

2 H 2 O = H 2 O 2 4- 2 H^ + 26 - 

-1.77 

Ns 4- H 2 O = N 2 O 4- 2 H*- 4- 2 c- 

-1.77 

NH,+ 4- Ns = HN, 4- 3 H+ 4- 2 e- 

-1.82 

Co++ = Co^ 4 - e- 

-1.84 

Ag"'’ = Ag’*^ + e~ 

-1.98 

2 SOr- = SsO,-- 4- 2 e- 

-2.05 

Oj 4- HjO = 0, 4- 2 H+ 4- 2 e- 

-2.07 

HsO 4 - 2 F- = FaO 4- 2 H+ 4- 4c- 

-2.1 

HjO = OH 4- H+ 4- e- 

-2.2 

HsO = 0(g) 4- 2 H+ 4- 2 c- 

-2.42 

2F- = F 2 4- 2 c- 

-2.85 

2 HF = Fj 4- 2 H+ 4- 2 e- 

-3.03 

BASIC SOLUTIONS 

Couple 

Eo 

Li Li"*" 4” 

3.02 

Cs - Cs-^ 4- C-* 

3.02 

2 OH- 4 - Ca = Ca( 0 H )2 4- 2c- 

3.02 

8 H 2 O 4- 20H- 4 - Sr = Sr( 0 H) 2 - 8 H 20 4- 2 c- 

2.99 

Rb = Rb+ 4- e- 

2.99 

8 H 2 O 4- 2011- 4 - Ba = Ba( 0 H) 2 . 8 H 20 4- 26' 

2.97 

K « K+ 4- e- 

2.922 

30H- 4- La = La (OH), + 3c- 

2.76 

Na = Na+ + 6 " 

2.712 

20H- 4- Mg « Mg(0H)2 4- 26 " 

2.67 
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BASIC SOLUTIONS {Continued) 


Couple 


40H- + Th = ThOj -|- 2 H 2 O + 4e- 

2.64 

40H-’ + Hf » HfO(OH)2 4- H 2 O + 4e- 

2.60 

40H- -f- B = HjBOs- 4- 2 H 2 O + 3e- 

2.5 

40H- 4- A1 = HjAlOr 4- H 2 O 4- 3c- 

2.35 

40H- + Zr = HaZrO, + H 2 O 4 4c- 

2.32 

60H- -1- 2Be = BejOr - 4 3 H 2 O -1- 4€- 

2.28 

20H- -t- P = HjPOj- -4 e- 

1.82 

50H- + P « HPOa- - 4- 2 H 2 O 4- 3e- 

1.71 

6 OH- 4 - Si = SiOj- - 4- 3 H 2 O -t- 4e- 

1.73 

30H- 4- H 2 PO 2 - = HPO 3 - - 4- 2HjO -4 2 c- 

1.65 

20H- 4 - Mn = Mn(OH )2 4 2c- 

1.47 

S“ “ 4 “ Zn = ZnS -h 2e~ 

1.44 

40H~ 4" S 2 O 4 ~ 2S03~" 4“ 2 H 2 O 4" 2c~ 

1.4 

30H- -4 AsH, = As 4- 3 H 20 4 3e- 

1.37 

CO3- - -t- Mn = MnCO, 4- 2 c- 

1.35 

30H- - 1 - Cr = Cr(OH )3 -|- 3e- 

1.3 

4CN- + Zn = Zn(CN)r - + 2 e- 

1.26 

S- - -4 Cd = CdS + 2c- 

1.23 

40H“' 4" Ga *= H2Ga03“ 4” H 2 O 4” 36"“ 

1.22 

40H- 4 - Zn ■= ZnO,-- 4 - 2 H 2 O -)- 2 c- 

1.216 

40H- -1- Cr = CrO^- -t- 2 H 2 O -t- 3c- 

1.2 

HCHO(aq) 4- 30H- = HCOj" (aq) 4 2 H 2 O -4 2 c- 

1.14 

S— 4- Ni = NiS( 7 ) 4- 2 c- 

1.07 

CO,-- 4 - Zn = ZnCO, + 2 e- 

1.07 

30H- 4- HPO,— = POr-- 4 2 H 2 O 4 2 c- 

1.05 

2NH20H 4- 40H- = NjO 4- 5 H 2 O 4- 4c- 

1.05 

S— + 2T1 = T1.S -H 2 c- 

1.04 

4NH,(aq) -4 Zn = Zn(NH,),+^ 4 2e- 

1.03 

S— 4 Fe - FeS 4 2 e- 

1.00 

S— 4 Pb - PbS 4 2 c- 

0.98 

20H- 4 CN- = CNO- 4 HjO 4 2 c- 

0.96 

H,0 4 30H- 4 HSn 02 - = Sn(OH),— 4 2c- 

0.96 

S— 4 2 Cu = CujS 4 2 c- 

0.95 

HCOj- 4 30H- = CO,-- 4 2 H 2 O 4 2 e- 

0.95 

S— 4 Co - CoS(a) 4 2 e- 

0.93 

Te “ Te 4 2 c- 

0.92 

4CN- 4 Cd - Cd(CN)r- 4 2 e- 

0.90 

20H- 4 SO,-- •= SO,- - 4 H 2 O 4 2 c- 

0.90 

30H- 4 PH,(g) - P 4 3 H 2 O 4 3e- 

0.87 

20H- 4 Fe - Fe(OH )2 4 2 c- 

0.877 

8 — 4 Ni = NjS(a) 4 2 c- 

0.86 

40H- 4 N 2 O 4 = 2 NO,- 4 2 H 2 O 4 2 c- 

0.85 

Co(CN),-‘ - Co(CN),—- 4 e- 

0.83 

S— 4 Pt - PtS 4 2c- 

0.83 

H, 4 20H- = 2 H 2 O 4 2c- 

0.828 

CN- 4 Ni(CN),— = Ni(CN),-- 4 e- 

0.82 

20H- 4 Cd •= Cd(OH )2 4 2 c- 

0.815 ( 

80H- 4 Be = ReO,- 4 4H,0 4 7c- 

0.81 

CO,— 4 Cd = CdCO, 4 2 e- 

0.80 
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BASIC SOLUTIONS (Continued) 


Couple 


30H-“ -f Sn - HSn 02 “ -f- H.O + 2 c“ 

0.79 

Se-~ = Se -h 2 e- 

0.78 

S““ -h Cu = CuS + 2e~ 

0.76 

CO 3 -- + Fe = FeCOa + 2e- 

0.755 

20H- 4- Co = Co(OH )2 + 2 c- 

0.73 

2 NH 2 OH 4- 60H- = N 2 O 2 -- + 6 H 2 O 4- 4c- 

0.73 

S 4” 2Ag = Ag 2 S 4" 2 c- 

0.71 

40H- + AbOj- = AsOa-+ 2H,0 + 2 c- 

0.71 

S— -H Hg = HgS + 2 c- 

0.70 

40H- -f- As = AsOj- + 2 H 2 O + 3c- 

0.68 

40H- + Sb = SbOa- + 2HaO -t- 3c- 

0.66 

20H- 4 - Ni = Ni(OH )2 42 c- 

0.66 

CO 3 4" Co = C 0 CO 3 4“ 2 c— 

0.632 

6 OH- 4 - S— = SO,-- - 1 - 3 H 2 O + 6 e- 

0.61 

2 CN- 4 - Au = Au(CN) 2 - 4- e" 

0.60 

4 NH 3 4- Cd = Cd(NH8)4-^ 4- 2c- 

0.597 

CHaOHCaq) 4- 20H- =: HCHO(aq) 4- 2 H 2 O 4- 2 c- 

0.59 

60H— 4“ S 2 OS = 2S08 4“ 3 H 2 O 4" 4c- 

0.58 

20H- 4- Pb * PbO(r) 4- H 2 O + 2 c- 

0.578 

OH- 4- Fe(OH )2 » Fe(OH )3 4- c" 

0.56 

S-- 4 -S 3 --= S<---(-2c- 

0.55 

30H- 4 - Pb = HPbOa- 4- H 2 O 4 2 c- 

0.54 

S 4" S 2 ** S 3 4" 2c- 

0.52 

2 S-- = S 2 -- 4 “ 2 c- 

0.51 

S-- * S 4 - 2 c- 

0.508 

C 03 -- 4- Pb - PbC 03 4 2 c- 

0.506 

6 NH 3 (aq) 4- Ni = Ni(NH 3 ) 6 "-+ 4- 2 c- 

0.48 

OH- 4- HS- - S 4- H.O 4 2 c- 

0.478 

NO 4- 20H- = NOj- 4- H 2 O -h c- 

0.46 

30H- 4 - Bi » BiOOH 4 H 2 O 4- 3c- 

0.46 

C 03 “- 4 - Ni « NiCOs 4- 2 c- 

0.45 

6 NH 8 (aq) 4 - Co = CoCNHs)*-^ 4- 2 c- 

0.422 

OH- 4- Mn(OH )2 « Mn(OH )3 4- c" 

0.40 

4CN- 4 - Hg - Hg(CN)r- 4" 2 c- 

0.37 

20H- 4- 2Cu = CU 2 O 4- H 2 O 4- 2c- 

0.361 

60H- 4- Se = Se03-“ 4- 3 H 2 O 4- 4e- 

0.35 

OH- 4 * T1 - Tl(OH) 4- e- 

0.3445 

2 CN- 4 - Ag « Ag(CN) 2 - 4- e" 

0.29 

CH 4 (g) 4- 20H- - CHsOHCaq) 4- H 2 O 4- 2c- 

0.25 

20H- 4* Cu « Cu(OH )2 4- 2c- 

0.224 

NjOz-- + 40H- - 2 N02~ 4- 2 H 2 O 4- 4c- 

0.18 

50H- 4- Cr(OH )3 « CrOr" 4- 4 H 2 O 4- 3c- 

0.12 

2NH8 4 - Cu « Cu(NH 3 ) 2 '' 4- e- 

0.11 

H 2 O 4- 20H- + CU 2 O « 2 Cu(OH )2 4- 2 c- 

0.09 

OH- 4- HO 2 - - O2 4- H 2 O 4* 2 c- 

0.076 

4 NH 3 + Cu « Cu(NH 3 ) 4 -^ 4- 2 c- 

0.05 

20H- 4* Tl(OH) - T 1 ( 0 H )3 4- 2 c- 

0.05 

CN- 4 * Ag « AgCN 4- 

0.04 

60H- 4 * Te « TeOa'- -h 2 H 2 O 4* 4c- 

\ 0\02 
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BASIC SOLUTIONS (Concluded) 


Couple 


2NH, + Cu(NH,,) 2 + = Cu(NH 3 ),+ <- + e - 

0.0 

20 H- -h NOr = NO 3 - + H 2 O -f- 2c- 

-0.01 

20H- SeOs = Se 04 + HjO + 2c- 

-0.03 

COs” - -h Cu = CuCOs -(- 2c- 

-0.053 

CNS- -t- Ag = AgCNS + c- 

-0.09 

Hg + 20H- = HgO(r) •+• H 3 O + 2 c- 

-0.0984 

20H- 4- Pd = Pd(OH)j 4- 2c- 

-0.1 

20 H- 4- 2 NH 4 OH = N 2 H 4 4 - 4 H 3 O 4- 2 e- 

-0.1 

60H- 4- 2Ir = Ir^Os 4- 3 H 2 O 4- 6e- 

-0.1 

Co(NH»).++ = Co(NHsV^ 4- e- 

-0.1 

N 2 O 3 -- = 2NO 4 - 2 e- 

-0.10 

20H- 4- 2Hg = HK 2 O 4- H 2 O 4- 2e- 

-0.123 

NjO 4- 60H- = 2NOr 4- SHjO 4- 4c- 

-0.15 

20H- 4- Pt = Pt(OH)a 4- 2c- 

-0.16 

20H- 4 -CIO 3 - = CIO 4 - 4- H 2 O 4-2e- 

1 -0.17 

OH- 4- Co(OH )2 = Co(OH )3 4 - e- 

-0.2 

60H- 4- 1- = IO 3 - 4- 3HjO 4- 6 c- 

1 -0.26 

CO.— 4- 2Hg = HgiCOo 4- 2c- 

1 -0.32 

20H- 4" 2Ag = Ag^O 4- H 2 O 4" 2c- 

-0.344 

20H- 4- ClOj- = CIO 3 - 4- H 2 O 4- 2 c- 

-0.35 

2NH,(aq) 4- Ag = AgCNH,)*-^ 4- c- 

-0.373 

40H- = Oj 4- 2 H 2 O 4- 4e- 

-0.401 

NH 4 OH 4 - 20 H- = NH 2 OH 4 - 2HjO + 2 e- 

-0.42 

Cr04-- 4 - 2Ag = AgjCrOi 4- 2c- 

-0.446 

CO 3 --4-2Ag = AgjCOa 4-2e- 

-0.47 

20H- 4- Ni(OH )2 = NiOz 4- 2 H 2 O 4- 2c- 

-0.49 

20H- 4- 1" = 10 - 4- H 2 O 4- 2c- 

-0.49 

MnOr- = MnOr 4- e- j 

-0.54 

40H- 4- 10- = IO 3 - 4- 2HjO 4- 4e- 

-0.56 

40H- 4- MnO, = Mn04- 4- 2 H 2 O 4- 3c - 

-0.57 

20H- 4- AgjO = 2AgO 4- HjO 4- 2c- 

-0.57 

40H- 4- MnOj = Mn04-- 4- 2 H 2 O 4- 2c- 

-0.58 

20H- 4- CIO- = CIO 2 - 4- H 2 O 4- 2c- 

-0.59 

60H- 4- Br- = BrOa- 4- 3 H 2 O 4- 6c- 

-0.61 

60H- 4- Cl- = ClOr 4- 3 II 2 O 4- 6c- 

-0.62 

2CNS- 4- Au(CNS) 2 - = Au(CNS) 4 - 4- 2c- 

-0.645 

2CNS- 4- Au = Au(CNS) 2 - 4- e- 

-0.69 

30H- 4- 10 ,- = H 3 IO 6 -- 4-2e- 

ca —0.70 

N 2 H 4 4- 20H- = 2 NH 2 OH 4- 2c- 

-0.74 

20H- 4- 2AgO = AgjOj 4- H 2 O 4- 2c- 

-0.74 

40H- 4- Cl- = CIO 2 - 4- 2 H 2 O 4- 4e- 

-0.76 

N 2 O 4- 20H- = 2NO 4- H 2 O 4- 2e- 

-0.76 

20H- 4- Br- = BrO- + H 2 O 4- 2e- 

-0.76 

30H- ■= HO,- 4- H 2 O 4- 2e- 

-0.87 

2NO,- = NjO* 4- 2c- 

-0.88 

20H- 4- Cl- = CIO- 4- H 2 O 4- 2e- 

-0.94 

CIO,- = CIO, 4- e- 

-1.15 

0, 4- 20H- - Oa 4- H,0 4- 2c- 

-1.24 

OH- - OH 4- e- 

-1.4‘ 
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Summary of Free Energies of Formation 

Note: Values, in calories, are for 25° C. See Chapter I for definitions. 
This table summarizes the more important free energies but many addi¬ 
tional values may be calculated from the data in the text. 


Substance 

AF® 

Aluminum 


Al(g) 

57,785 

Al-^-^ 

-115,500 

Al(OH)s 

-272,900 

H 2 AIO 3 - 

-256,000 

AlFr““ 

-542,000 

Antimony 


Sb(g) 

44,000 

Sb2(g) 

40,000 

SbHs(g) 

35,300 

Sb 203 (s) 

-149,030 

SbO-^^ 

-42,000 

HSbO.(aq) 

-97,500 

Sb02- 

-82,500 

Sb 205 (s) 

-195,500 

Sb 204 ( 8 ) 

-165,900 

SbClaCs) 

-77,800 

Sb2S,(8) 

-35,700 

Arsenic 


A8(g) 

20,400 

As4(g) 

20,500 

AsH,(g) 

37,700 

A8208(s) 

-137,670 

HAs02(aq) 

-96,345 

H3A803(aq) 

-153,035 

ASO 2 "' 

-83,770 

AsO+ 

-39,260 

HaAs 04 (aq) 

-183,930 

H2As04~ 

-180,700 

HA8O4-- 

-171,100 

ASO4 

-153,400 

AS 2 S 8 

-20,000 

AsS2~ 

-6,000 

AsCUG) 

-65,190 

Barium 


Ba++ 

-133,850 


Substance 

AF® 

Barium {Cont,) 


BaH2 

-31,500 

Ba(0H)2-8H20 

-665,680 

BaCOs 

-271,570 

BaOs 

-138,000 

Beryllium 

Be^ 

-78,700 

Be20(0H)2 i 

-305,610 

BesO*-- 

-265,810 

Bismuth 

BiO^ 

-34,550 

Bi20a(8) 

-116,600 

BiOOHCs) 

-87,800 

BiOCl(s) 

-77,000 

BiCUCs) 

-76,400 

BiCl 4 - 1 

-114,200 

BiO(8) 

-43,200 

Bi(g) 

38,500 

Bi204 

ca -109,000 

Boron 

HaBOs 

-220,600 

HaBOa' 

ca -208,000 

BF 4 ~ 

-335,900 

Bromine 

Br(g) 

19,900 

Brj(aq) 

977 

Br,(g) 

755 

Brj(s) 

314 

Br- 

-24,578 

Brr 

-25,270 

HBrO 

-19,900 

BrO- 

-8,000 

BrO,- 

5,000 

BrCl(g) 

-530 

Cadmium 


Cd(g) 

18,489 
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Subetance 


Cadmium (Cont.) 



-18,650 

Cd(OH),(8) 

-112,730 

Cci(NH,).-^ 

-52,850 

Cd(CN)r- 

111,000 

CdS 

-33,100 

CdCOs 

-163,410 

Calcium 


Ca(g) 

34,508 


-132,700 

CaH, 

-35,700 

Ca(OH), 

-214,830 

CaCO, 

-207,430 

CaO, 

-142,000 

Carbon 


C(g) 

187,430 

c,(g) 

222,830 

CO(g) 

-33,010 

CO,(g) 

-94,450 

H*CO, 

-149,170 

HCO,- 

-140,490 

CO,-- 

-126,390 

CH,(g) 

-12,200 

CaH,(g) 

-10,700 

C,H4(g) 

12,300 

CiH, 

50,750 

C.H5CH,(1) 

26,800 

CH,OH(l) 

-39,960 

CH,OH(aq) 

-42,110 

HCHO(aq) 

-31,020 

HCOOH(l) 

-85,150 

HCOOH(aq) 

-88,110 

HCOO- 

-83,000 

C,H.OH(l) 

-40,200 

C,H.OH(aq) 

-41,850 

CHiCHOd) 

-31,880 

CH,CHO(aq) 

(-33,560) 

CH,COOH(l) 

-94,500 

CH.COOH(aq) 

-96,210 

CH.COO- 

-89,720 

HjCj 04 (aq) 

-166,060 

HCiOr 

-164,380 

c,Or- 

-158,660 

C,H4 COOH(b) 

-60,100 

CJIsCOOH (aq) 

-67,950 

coi.coo- 

-52,250 

C(HitO«(aq) 

-217,020 

Cai4NH,(l) 

35,400 

C,H,NH,+ 

29,400 

HCN(g) 

27,730 


Bubetance 

AF* 

Carbon {Cont.) 


HCN(aq) 

26,340 

CN~ 

39,140 

C2N*(g) 

67,780 

HCNO 

-28,980 

CNO- 

-23,630 

HCNS 

17,800 

cm- 

23,140 

COClaCg) 

-48,960 

ecu 

-15,600 

COS(g) 

-39,800 

CS.(1) 

17,150 

CO(NH2)2(aq) 

-48,720 

Cesium 


C8(g) 

12,231 

Cs^ 

-70,280 

CbH 

-7,300 

Chlorine 


Cl(g) 

25,900 

CUCaq) 

1,630 

Cl- 

-31,330 

CIO- 

-9,200 

HCIO 

-19,110 

HCIO 2 

-600 

CIO 2 - 

2100 

C102(g) 

28,600 

CIO,- 

-250 

cior 

-10,700 

Chromium 


Cr(g) 

78,630 

Cr-^ 

-49,000 

CrCU^ 

-114,100 

Cr(OH), 

ca —202,750 

Cr02“ 

-123,000 

Cr-^ 

-39,400 

CrOr” 

-171,4(X) 

HCrOr 

-180,250 

CriOr-- 

-306,000 

Cr02Cl2 

-117,000 

Cobalt 


Co-^ 

-12,800 

Co(OH)2 

-108,900 

Co(NH)6 ^ 

-57,470 

CoS(a) 

-19,800 

CoCO, 

-155,570 

Co+^ 

28,900 

Co(OH), 

-142,000 

Co(NH,)e^^+ 

-55,000 

Co(NHa)6H20++^ 

-106,000 
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Substance 

AF* 

Substance 

AF® 

Columbium 

Cb*05 

-425,800 

Indium 

In(g) 

44,000 

Copper 


In-^ 

-23,500 

Cu(g) 

71,700 

InaO# 

-21,800 

Cu+ 

12,040 

InCl 

-39,200 

CU 2 O 

-35,150 

Iodine 


CuCl 

-28,490 

1 (g) 

16,870 

CuBr 

-23,812 

i»(g) 

4,630 

Cul 

-16,658 

I»(aq) 

3,926 

CuCl2“ 

-58,300 

I- 

-12,333 

CuBra"” 

-45,000 

I.- 

-12,290 

Cuir 

-24,600 

HIO 

-23,330 

Cu 2 S(a) 

-20,200 

10 - 

-8,300 

Cu-^ 

15,910 

ICKs) 

-4,000 

CuO 

-30,400 

ICI 2 - 

-38,350 

Cu(OH)2 

-85,500 

ICUCs) 

-21,150 

HCuOr 

-61,325 

10 ,- 

-32,251 

CuO,— 

-43,310 

HJOe 

ca -123,900 

CuS 

-11,755 

IBr(aq) 

-900 

CuCO, 

-123,930 

IBra- 

-28,970 

Fluorine 

F(g) 

27,600 

Iridium 

Ir(g) 

105,000 

F-* 

-65,700 

IrCl 

-16,900 

HF(aq) 

-70,000 

IrCla 

-32,000 

F,0(g) 

9,500 

IrCl, 

-46,500 

Gallium 


irCir-- 

-137,800 

Ga(g) 

43,200 

IrOa 

-28,000 

Ga+++ 

-36,000 

Iron 


Ga(OH), 

ca -198,300 

Fe(g) 

85,682 

H2Ga08~ 

ca -178,000 

Fe+^- 

-20,310 

GaaOi 

-235,000 

Fe(OH )2 

-115,660 

Ga++ 

ca -21,000 

FeCO, 

-161,260 

GaaO 

-75,200 

FeS, 

-22,900 

Germanium 


Fe-^ 

-2,530 

GeOa 

-142,000 

Fe(OH)t 

-166,300 

Gold 


FeaS* 

-55,000 

Au(g) 

82,500 

Lanthanum 


AuaO# 

18,710 

La-^ 

ca —163,800 

Au'^^ 

98,200 

La(OH)s 

ca -303,800 

Aul 

-760 

Lead 


Au"^ 

ca 38,700 

Pb(g) 

39,600 

AuClr 

-56,200 

Pb^ 

-5,810 

Hafnium 


PbO(red) 

-45,100 

HfOa 

-258,200 

PbO (yellow) 

-44,956 

HfO++ 

-212,100 

PbOl/SHaO 

-63,721 

Hydrogen 


HPbOa- 

-80,800 

H(g) 

48,350 

Pb(OH)2 

-102,200 


0 

PbCl, 

-75,040 

H- 

51,500 

PbBra 

-62,060 


Pbla 

-41,470 
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Substance 


Substanoe 

AF* 

Lead (Coni.) 


Molybdenum (Coni.) 


PbS 

-21,910 

MoOr- 

-208,000 

PbS04 

-159,500 

MoO* 

-157,600 

PbCOg 

-149,710 

M 0 O 2 

-118,000 

PbOPbCOs 

-195,240 


ca -13,800 

Pb,(CO,)2(OH)j 

-409,115 

H 2 M 0 O 4 

ca -227,000 

Pb02 

-52,020 

Nickel 


Pb+^ 

ca 72,200 

Ni(g) 

87,433 

Pb,04 

-142,210 

Ni++ 

-11,530 

Lithium 


Ni(OH)2 

-105,600 

Li(g) 

28,807 

Nitrogen 


Li^ 

-70,700 

N(g) 

81,000 

LiH 

-16,900 

NO(g) 

20,660 

Li202 

-138,000 

N,0(g) 

24,930 

Magnesium 


NO,(g) 

12,274 

Mg(g) 

27,640 

N, 04 (g) 

23,440 


-107,780 

NO,- 

-26,250 

Mg(OH), 

-193,300 

HNO 2 

-13,020 

MgO 

-136,370 

NO 2 " 

-8,450 

MgCO* 

-246,630 

NH20H(aq) 

-5,600 

Manganese 


NH,OH+ 

-13,540 

Mn(g) 

59,535 

NH,(g) 

-3,940 

Mn+'* 

-48,600 

NH,(aq) 

-6,330 

Mn(OH )2 

-143,100 

NH 40 H(aq) 

-62,990 

MnS 

-46,000 

NH4-" 

-18,960 

Mn(OH), 

ca -190,000 

HiNsOaCaq) 

ca 13,600 

MnOr 

-100,600 

N 2 O 2 "- 

ca 36,650 

MnOj 

-102,900 

N 2 H 4 

29,800 

MnOr- 

-113,100 

N2H4^ 

18,950 

Mercury 


N2He^^ 

20,450 

Hg(g) 

7,590 

HN,(aq) 

65,300 

Hg,^^ 

36,850 

N3- 

70,750 

Hg,0 

-12,800 

NOCl(g) 

16,010 

HgO(red) 

-13,940 

NOBr(g) 

19,260 

Hg,Cl> 

-50,310 

i Osmium 


HgjBfj 

-42,700 

08(g) 

ca 112,000 

Hg,I, 

-26,530 

0364 ( 8 ) 

-69,400 

Hg,CO, 

-111,200 

HOsOr 

-107,000 

Hg++ 

39,415 

Oxygen 


HgO 

-13,940 

0(g) 

55,025 

HgS 

-8,800 

0,(g) 

39,400 

Hg(CN)r- 

140,400 

H,0(1) 

-56,690 

Hgir- 

-51,150 

H..O(g) 

-54,636 

HgBrr- 

-88,400 

OH- 

-37,585 

HgCir- 

-107,850 

H,0.(g) 

-24,730 

HgCl, 

-42,200 

H,0,(1) 

-28,230 

HgBr, 

-38,800 

H,0!(aq) 

-31,470 

Hgl,(red) 

-24,000 

HOr 

-15,610 

Molybdeotun 


OH(aq) 

-5,000 

Mo(g) 

144,571 

H02(aq) 

3,000 
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Substance 


Substance 

AF^ 

Oxygen (Cont.) 

Or 

13,000 

Rhodium (C'ont.) 
RhCla 

-31,400 

HjO. 

ca 0 

RhCl, 

-46,000 

Palladium 


RhClr-- 

-156,000 

Pd(g) 

ca 101,000 

Rnbidium 



38,300 

Rb(g) 

13,352 

Pd (OH) 2 

ca -70,500 

Rb-" 

-68,800 

PdCir- 

ca —96,000 

RbH 

-7,300 

Phosphorus 

P(b, w) 

1,800 

Ruthenium 

Ru(g) 

ca 107,000 

P4(g) 

13,100 

RuCls 

-49,200 

P.(g) 

19,500 

RuOa 

-40,500 

P(g) 

26,000 

Scandium 


H,P 04 (aq) 

-270,000 

Sc^ 

ca -138,000 

H^POr 

-267,100 

Selenium 


HPOr- 

-257,270 

Se(g) 

17,800 

POr-- 

-240,970 

H,Se(g) 

15,300 

H,PO,(aq) 

-204,000 

HaSeCaq) 

16,720 

H2POr 

-201,550 

HSe- 

22,120 

HPOr- 

-193,150 

Se- 

35,760 

n,POj(aq) 

-120,000 

H,SeO,(aq) 

-101,361 

HaPOr 

-117,300 

HSeOr 

-97,850 

PH,(g) 

2,880 

SeOr" 

-87,890 

P.H2 (s) 

16,000 

HSeOr 

-107,840 

PCU(l) 

-61,500 

SeOr- 

-105,120 

PI2(S) 

-5,700 

SeFsCg) 

-219,000 

Platinum 

SeCbd) 

-13,730 

Pt(g) 

127,500 

Silicon 


Pt(OH)2 

-67,900 

SiOaCa quartz) 

-190,400 

Pt-"+ 

ca 55,000 

HaSiOsCs) 

-247,900 

Ptcir- 

-91,600 

SiOr- 

ca -215,000 

PtS 

-17,250 

SiF4(g) 

-351,000 

PtS2 

-21,000 

SiFr- 

-502,500 

Polonium 


SiCUd) 

-134,100 

Po++ 

ca 30,000 

SiH4(g) 

-3,300 

P 0 O 2 

ca —106,000 

SiC 

-27,200 

PoOr - 

ca —102,000 

Silver 


Potassium 


Ag(g) 

58,700 

K(g) 

14,637 

Ag+ 

18,441 

K+ 

-67,430 

AgjO 

-2,590 

KH 

-5,300 

AgCl 

-26,220 

KCl 

-97,555 

AgBr 

-22,900 

KBr 

-90,450 

Agl(ppt) 

-15,810 

Rhenium 


AgCN 

38,600 

ReOr 

-202,800 

Ag(CN)r 

72,050 

Rhodium 


Ag(NH,).^ 

-4,060 

RhaO 

-17,400 

Ag(SsO,)r — 

-248,000 

RhO 

-19,300 

Ag(SO,)r— 

-226,000 

Rh aOj 

-60,500 

Ag,S 

-9,600 

RhCl 

-12,600 

AgNO, 

4,960 
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Bubetanoe 


Substance 

AG* 

Silver (Cont.) 

Agio, 

-24,080 

Sulfur (Cont.) 
80,CU(g) 

-73,600 

Ag,CO, 

-104,600 

S,C1,(1) 

-5,900 

AgaSO, 

-145,940 

Tantalum 

Ag++ 

63,150 

Ta,0, 

-447,200 

AgO 

2,600 

Telluritxm 


Ag20i 

10,500 

Te,(g) 

12,300 

Sodium 


Te(g) 

46,000 

Na(g) 

18,639 

H,Te(g) 

31,000 

Na-" 

-62,590 

HjTe(aq) 

32,000 

NaH 

-9,300 

HTe- 

35,500 

Na202 

-105,000 

Te“ 

42,300 

NaOH(B) 

-90,475 

Ter- 

38,750 

NaCl 

-91,700 

TeO^Cs) 

-64,530 

Na2C08 

-250,800 

TeOOH+ 

-62,480 

Strontium 


H2Te03(aq) 

-115,700 

Sr(g) 

30,700 

TeO,-- 

-110,100 

Sr-^ 

-133,200 

HeTeOe 

-241,100 

SrCO, 

-271,900 

T(‘Cl4 

-57,400 

Sr02 

-139,000 

TcC!,-- 

-137,400 

SrHj 

-32,800 

Thallium 


Sulfur 


Tl(g) 

31,700 

S(g) 

56,600 

TI+- 

-7,760 

S=(g) 

17,500 

Tl(OH) 

-45,535 

S(monocl) 

18.3 

TlCl 

-44,190 

S(l) 

94 

TlBr 

-39,750 

s.(g) 

8,800 

TII 

-29,976 

s,(g) 

5,700 

TI+++ 

49,740 

so,(g) 

-71,735 

T1(0H)8 

-123,000 

H,S(g) 

-7,870 

Thorltim 


H,S(aq) 

-6,520 

ThOa 

-280,100 

HS- 

2,950 

Th+* 

ca -197,000 

S-- 

23,420 

ThH4 

-61,500 

Sr- 

23,100 

Tin 


S,— 

22,400 

Sn^ 

-6,275 

Sr- 

20,700 

Sn(OH )2 

-115,950 

H,80,(aq) 

-128,535 

HSnOs" 

-92,450 

HSO,- 

-125,905 

SnS 

-21,250 

so,— 

-116,400 


ca 650 

SO,— 

-176,100 

Sn(OH)4 

-226,000 

8,0,— 

-124,000 

Sn(OH)r“ 

ca -306,000 

HtSO, 

>-90,000 

SnChO) 

-110,600 

8,0, 

-130,000 

Titanium 


H8,04- 

-133,300 

Ti02(rutile) 

-205,300 

S,Oe 

-248,000 

TiOaCamorph) 

-201,400 

S.0,— 

-247,000 

TiO-^ 

-144,400 

8.0,— 

-240,000 

Ti208 

-340,800 

8,0, 

-237,000 

TiFr" 

-508,700 

H,S,0. 

-257,000 

Tungsten 


SF,(g) 

-235,000 

W(g) 

191,500 
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Substance 

AF- 

Substance 


Tungsten {Coni.) 
WOi 

-118,300 

Yttrium 

ca -145,000 

W 2 O 3 

-293,000 

Zinc 


WO 3 

-171,400 

Zn(g) 

22,692 

wor- 

- 220,000 


-35,176 

Uranium 


Zn(OH)j 

-132,640 

II02++ 

-226,800 

Zn02-- 

-93,030 

NajUOl 

-475,000 

ZnCNHa)/^ 

-72,740 

UO, 

-242,200 

ZnS 

-43,200 

Vanadium 


ZnC03 

-174,780 

V(g) 

75,000 

Zirconium 


VjO. 

-406,000 

ZrOj 

-245,400 

v,0, 

-311,000 

ZrO+^ 

-198,100 

V-H- 

ca -70,000 

ZrO(OH).> 

-307,600 




APPENDIX III 

Summary of Equilibrium Constants 


Reaction 

K 

Aluminum 


Al(0H)a - Al^ + 30H- 

1.9 X 10 -” 

A1+++ + HjO = A1(0H)++ + H+ 

1.4 X lO-*^ 

Al(OH), = H+ + HsAlO.- 

4 X 10-1* 

AIF.-= Al-^ + 6F- 

ca 2 X 10-2* 

Antimony 


HSbO, = H+ + SbOr 

ca 10““ 

iSb^O, + JHaO = SbO^ -f OH- 

10-“ 

Sb,S, + H 2 O + 2H+ = 2SbO+ + 3H,S 

10-30 

Arsenic 


HAsOj = H+ + AsOr 

6 X lO-*® 

HAsOa « A80+ + 011“ 

5.0 X 10-1* 

H,A804 = H+ + HjAsOr 

4.8 X 10-* 

HjAsOr = H+ 4- HAsOr- 

10-2 

HAsOr- = H+ + AsOr" 

10 -” 

AsaS, + 4 H 2 O - 3 H 2 S 4- 2 HA 8 O 2 

2 X 10-2> 

Barium 


BaCO, = Ba++ + CO, 

4.93 X 10-» 

BaC204-2H20 - 4* C 2 O 4 — + 2 H 2 O 

1.1 X 10-2 

BaC204-3iH20 - Ba^^ 4* C204~“ + SiHaO 

1.62 X 10-2 

Ba(HS 04 )s = Ba^ 4- 2 HSO 4 - 1 

ca 27 

BaMn04 » Ba^-^ 4" Mn 04 -“ 

2.5 X 10-10 

BaS04 “ Ba^-^ 4- SOr" 

9.9 X 10-11 

BaCr 04 « Ba^ + Cr 04 -“ 

2 X 10-10 

BaFj - Ba-»“+ 4- 2F- 

1.7 X 10-« 

Ba( 0 H) 2 . 8 H 20 = Ba-^"^ 4 - 20 H- 4 - 8 H 2 O 

5.0 X 10-« 

Ba(Br0a)2 H20 = Ba++ 4- 2BrOs- -f H 2 O 

5.5 X 10-0 

Ba(I0,)2 H20 « Ba^ 4- 2 IO 3 - 4- H 2 O 

1.25 X 10-» 

Ba(NO ,)2 » Ba++ 4- 2 NO 3 - 

4.5 X 10“0 

BaCl2*2H,0 « Ba^ 4* 2 H 2 O 4- 2Cl" 

1.6 

Beryllium 


2 Be’H- 4 . H 2 O « Be20++ 4- 2H+ 

4 X 10-2 

HsBeOjd) » 2H+ 4- BeOj— 

2.8 X 10-®o 

H2Be02(II) « 2H+ + BeO,— 

1.4 X 10-«o 

BesOCOH), 4- H,0 « 2Be^ 4- 40H- 

1 X 10-*o 

HaBeaOaCs) « 2H+ 4“ BejOa— 

7.3 X 10-30 

BejOCOH), » BejO^ 4- 20H- 

4 X 10-1® 

Bismuth 


BiO(OH)(s) « BiO-^ 4“ OH“ 

ca 1 X 10-12 

BiOCl « BiO+ 4- Cl~ 

7 X 10-0 
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Reaction 

K 

Bismuth (Cont.) 


BiOCl + H 2 O = -f Cl- + 20H- 

1.6 X 10-« 

BiOCl -f 2 H^ + 3C1- = H 2 O -f BiClr 

0.8 

BijSs = 2 Bi+++ + 3S— 

1.6 X 10-7* 

Boron 


II 3 BO 3 = H 2 BO 8 - + H+ 

6.8 X 10-10 

4 H 3 BO 3 = + HB 4 O 7 - 4 - 5 H 2 O 

9.7 X 10-0 

B.O,— + 5 H 2 O = 2H,BO> + 2H,BO,- 

ca 10-0 

HB 4 O 7 - = + B 4 O 7 — 

ca 10-0 

H 2 B 4 O 7 = 4 HB 4 O 7 - 

ca 10 -* 

H 3 BO 3 4 glycerine = HjBOs-glycerine 

0.9 

HsBOj-glycerine = 4 A“ 

3 X 10-^ 

Phenylboric acid 

137 X 10-'» 

o-Tolylboric acid 

18.1 X 10-10 

Benzylboric acid 

75.5 X 10-10 

/ 3 -Phenylethylboric acid 

10.0 X 10-'“ 

n-Butylboric acid 

1.82 X 10-'“ 

Bromine 


Br 2 (aq) 4 Br” == Bra” 

17 

Br, + HjO = HBrO + H+ + Br" 

5.8 X 10-“ 

HBrO = H+ + BrO- 

2.06 X 10-» 

Cadmium 


Cd(OH)2 - Cd-^ 4 20H- 

1.2 X 10-'“ 

Cd(NHa)4++ = Cd++ + 4NH, 

2.5 X IQ-^ 

CdS - Cd-+ 4 S— 

1.4 X 10-“ 

Cd(S203)r« = Cd-^+ 4 4 S 2 O,— 

ca 4 X 10-“ 

Cd(CN)4— = Cd^+ 4 4CN- 

1.4 X 10-" 

CdCOa « Cd^ 4 CO 3 " 

2.5 X 10-'* 

Cdlr- = Cd-^ 4 41- 

ca 5 X 10-’ 

Calcium 


Ca(OH )2 = Ca++ 4 20H- 

7.9 X 10-* 

CaCOa = Ca-*-^ 4 CO 3 — 

4.82 X 10-» 

CaS 04 ' 2 H 20 = Ca^ 4 804’“ 4 2 H 2 O 

2.4 X 10-“ 

Ca8(P04)2 - 3Ca-^ 4 2 PO 4 — 

1 X 10-“ 

CaHP 04 - Ca++ 4 HPO 4 — 

ca 5 X 10-“ 

CaC204 H20 = Ca^ 4 C 2 O 4 — 4 H 2 O 

2.27 X 10-“ 

CaC4H40«*2H20 - 4 C4H40r“ 4 2 H 2 O 

7.7 X 10-' 

Ca(I 0 s) 2 - 6 H 20 = Ca^+ 4 2 IO 3 - 4 6 H 2 O 

1.93 X 10-* 

CaFa = Ca++ 4 2F- 

3.9 X ir" 

Carbon 


H 2 CO 3 - H+ 4 HCO 3 - 

4.31 X 10-' 

HCO 3 - = 4 CO 3 — 

4.70 X 10-" 

HCO 2 H == 4 HCO 2 - 

1.77 X 10-* 

H 2 C 2 O 4 = 4 HC 2 O 4 - 

6.9 X 10-» 

HC 2 O 4 - - 4 C 2 O 4 — 

6.4 X 10-“ 

HCN - 4 CN- 

4 X 10-'“ 

HCNO = H+ 4 CNO- 

1.2 X 10-* 

IICNS = H+ 4 CNS- 

ca 10-* 

CeH^NHa-" - CeHaNHa 4 H+ 

2 X 10-‘ 

C0(NH2)2 4 H 2 O - C0(NH2)(NH3)+ 4 OR- 

1.6 X 10-“ 
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Reaction 

K 

Cerium 


Cej(C,O4)3l0H,O = 2Ce+++ + ZCiQ— + 10H,O 

2.5 X 10-« 

Ce2(C4H40fi)-9H20 - 2Ce^ -f- 3C4H40r- + 9 H 2 O 

9.7 X 10-20 

Cesium 


CSCIO 4 - C 8 + + CIO 4 - 

4.05 X 10“2 

Chlorine 


HCIO + CIO- 

5.6 X 10-8 

2HC10 « Cl20(g) + H 2 O 

3.54 X 10-8 

HCIO 2 « + C 102 - 

10 -‘ 

Chromium 


Cr(OH), + 2H+ « Cr(OH)++ 4- 2 H 2 O 

1 X 108 

CrClj+ = Cr+++ + 2C1- 

1.26 X 10-2 

Cr(OH)j « Cr+++ -f SOH" 

6.7 X 

Cr(OH )8 « + Cr 02 " -h H 2 O 

9 X 10-^7 

HCrOr = H+ + CrOr- 

3.2 X 10^7 

CrjOr" + HjO - 2 HCrOr 

2.3 X 10-2 

Cobalt 


Co{OH)j - Co++ + 20H- 

2 X 10-18 

Co(NH,),++ = Co-'+ + 6 NHa(aq) 

1.25 X 10-5 

CoS(a) = Co-^ + S— 

7 X 10-23 

CoSOS) = Co+t 4 . S— 

1.9 X 10 -” 

CoCO* = Co-^ 4- CO,— 

1.0 X 10-12 

Co(OH )8 - 4- 30H- 

1 2.5 X 10-48 

ColNH,),-^ = Co-^ + 6 NH 3 (aq) 

2.2 X 10 -« 

CoCNH.l.-HjO-*^ = Co+++ + 5NH,(aq) + ILO 

1.6 X - 10-88 

NaK,Co(N 02 ).-H ,0 = Na+ + 2 K+ + Co(N 02 )r— 

ca 2.2 X 10 -11 

Copper 


Cu + Cu-^^ - 2 Cu+ 

1.0 X 10-8 

iCujO + iHiO = Cu+ + OH- 

1.2 X 10-18 

CuCl - Cu+ + Cl- 

1.85 X 10-7 

CuBr - Cu+ + Br- 

5.3 X 10-9 

Cul - Cu+ + I- 

1.1 X 10-12 

CuCl + Cl- = CuCU- 

6.5 X 10-2 

CuClr = Cu+ + 2Cl- 

2.9 X 10-8 

CuBr + Bf- = CuBrj- 

4.6 X 10-8 

Cul + I- - Cul,- 

7.8 X 10-4 

CuBr," = Cu+ + 2Br- 

1.2 X 10-8 

Cul,- - Cu+ + 21- 

1.4 X 10”9 

Cu(CN)j- - Cu+ 4- 2CN- 

1 X 10-18 

CuCNS = Cu+ + CNS- 

4 X 10-14 

Cu,8 - 2Cu+ + 8— 

2.5 X 10-58 

Cu(NHt),+ - Cu(NH,)+ + NH, 

1.16 X 10 5 

Cu(NH,)s+ - Cu+ + 2 NH, 

1.35 X 10 11 

Cu(OH), = Cu-^ + 20H- 

5.6 X 10-20 

HiCuO, + 20H- - CuO,— + 2 H20 

1.2 X 10-3 

CuO + OH- = HCuO,- 

1.03 X 10-5 

CuO + 20H- - CuOj— + HjO 

8.1 X 10-5 

HCuO,- - H+ + CuO,— 

7.9 X 10-14 

CuS - Cu++ + 8 — 

4 X 10-88 

CuCO, - Cu++ + CO,— 

1.37 X 10-19 
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Reaction 

K 

Copper (Cont.) 


Cu(IO,)j - Cu-^ + 210,- 

1.3 X 10-7 

CuCNHa)^-^-^ = Cu(NH 3)4-'+ -f NHa 

2.8 

Cu(NH,)4-^ = Cu-^ + 4NH, 

4.56 X 10-1^ 

Fluorine 


HF(aq) « + F" 

7.2 X 10-* 

F- + HF - HF*- 

5.5 

Gallium 


Ga(OH)-^ - Ga^+ -f OH- 

4 X 10-1* 

Ga(0H)2+ = Ga(OH)^ + OR- 

1.6 X 10-11 

RGa03"“ « GaO,— H^ 

2 X 10-1* 

HiOaO,- = HGaO,— + 

4.8 X 10-11 

Ga(0H)8 - Ga+-^ -h SOR- 

ca 5 X 10-»7 

HaGaOj = RaGaOs- 4- H^ 

ca 1 X 10-1* 

Germanium 


RaGeOsCaq) = R+ + RGeOr 

2.6 X 10-» 

HGeOa- « R+ 4- GeOa"- 

1.9 X 10-1* 

GeOiCs) 4- H 2 O « 4- RGeOa' 

1.1 X 10-10 

Gold 1 


iAuiO, 4- fRiO - Au-^-^ 4- 30H- | 

8.5 X 10-*» 

AuClr = Au-^ + 4C1- 

5 X 10-** 

SAu"^ = Au**"*^ 4” 2Au 

ca 1 X 10-1* 

Au(CN)2*’ = Au+ 4- 2CN- 

ca 5 X 10-w 

Au(CNS)r = Au(CNS) 2 -“ 4- (CNS). 

4.9 X 10-* 

3Au(CNS)2“ « 2Au 4- Au(CNS)r 4- 2CNS- 

33 

Au(CNS)r « Au^+ 4* 4CNS- 

3 X 10-*8 

Hafnium 


HfO(OR)2 = RfO^^ 4- 20Hz 

ca 10-** 

Indium 


In+^ + R 2 O = In(OR)-^+ + H+ 

2 X 10-* 

Iodine 


l 2 (aq) 4- I" « I 3 - 

1-4 X 10-* 

R JOfl - 4- H4lO«- 

2.3 X 10-* 

R4lOfl- « R+ -h RjIOr- 

ca 1 X 10-0 

ICH- * ICl(aq) -f Cl- 

6 X 10-* 

2IBr(aq) = l 2 (aq) 4- BraCaq) 

1.2 X 10-* 

IBrj- » IBr(aq) 4- Br" 

2.7 X 10-» 

2ICl(aq) = l 2 (aq) 4- Cl 2 (aq) 

1.6 X 10-10 

RIO = H+ + 10- 

ca 1 X 10-11 

Iridium 


IrCl« -« Ir-^ 4- 6C1- 

ca 10-10 

ilraOs 4- iH20 = + SOR- 

ca 10-0* 

Iron 


Fe(0H)2 - Fe++ 4" 20R“ 

1.65 X 10-10 

FeCO* « Fe++ X CO 3 — 

2.11 X 10-11 

FeS » Fe++ 4“ S— 

1 X io-» 

Fe(CN)r* « Fe++ 4* 6CN- 

ca 10-»7 

Fe(OR)a - Fe+-^ 4- SOH" 

4 X 10-** 

Fe^+-<* 4- H 2 O = Fe(OH)'^-^ 4- R^ 

6.0 X 10-* 

Fe+++ + Cl- » FeCl-^ 

20-0 
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Keaction 

K 

Iron (Cord,) 


Fe(C»0«),-- Fe+-^+ + 3C,04— 

ca 10-10 

2Fe^+ + Fe 3Fe^ 

1 X 10^1 

Fe(CNS)B « Fe^++ + 3CNS" 

2.6 X 10-0 

Fe(CNS)r“" - Fe(CNS )3 -h 3CNS- 

3.1 X 10-^ 

FeaSs « 2Fe++^ + 3S“~ 

io-« 

Fe(CN),-•= Fe-^ + 6CN- 

ca lO-** 

Lanthanum 


La(OH), - La+++ + SOH" 

ca 10-*o 

Lead 


Pb(OH)2 =* Pb-^ 4- 20H- 

2.8 X 10-10 

PbO(r) -f PIsO = Pb-^+ 4- 20H- 

5.5 X 10-10 

Pb(OH), = H+ + HPbOr 

2.1 X 10-10 

PbO(y) 4- OH- « HPbOi- 

5.31 X 10-* 

PbO(r) 4- OH- « HPbOi- 

4.03 X 10-* 

PbFj « Pb^-+ 4“ 2F- 

3.7 X 10-0 

PbClj « Pb^ 4- 2C1- 

1.7 X 10-0 

PbBrj =. Pb++ 4- 2Br- 

6.3 X 10-0 

Pbla « Pb^ 4- 21- 

8.7 X 10-0 

PbCl’^^ » Pb-^ 4- Cl- 

7.75 X 10-* 

PbBr+ = Pb++ + Br- 

7.1 X 10~» 

Pbl^ «= Pb^ 4 I- 

3.45 X 10-* 

PbCO, = Pb++ + CO,” 

1.5 X 10-10 

PbS - Pb++ + S— 

1.0 X io-« 

PbCrO, = Pb-^ + CrOr- 

1.8 X 10-10 

Pb(IO,)2 - Pb++ + 210,- 

3.2 X 10-10 

PbSO, - Pb++ + SO,” 

1.8 X 10-0 

PbHPO, = Pb^ + HPO,” 

4 X 10-1* 

Pb,(PO.), = 3Pb++ + 2P0.- 

3 X 10-^^ 

PbO, + 2H,0 = Pb++^ + 40H- 

10-0* 

Pb(BrO,), = Pb++ + 2BrO,- 

2.0 X 10-* 

Pb.PbO, - 2Pb++ + PbOr* 

5.3 X 10-01 

Lithium 


Li,CO, - 2Li+ + CO,” 

3.96 X 10~» 

LiF - Li+ + F- 

5.2 X 10-0 

Lutecium 


Lu(OH) - Lu+++ + 30H- 

ca 10-*o 

Magneslum 

5,5 X 10-1- 

Mg(OH), - Mg-^ + 20H- 

MgC0,3H,0 = Mg++ + CO,” + 3H,0 

ca 1 X 10-0 

Mg(NH 4 )P 04 “ Mg-^ + NH4+^ + PO 4 - 

2.5 X 10-1* 

MgF, - Mg++ + 2F- 

6.4 X 10-0 

MgCaO, - Mg«- + C,04— 

8.6 X 10-0 

Manganese 

7.1 X 10-10 

Mn(OH), - Mn-^ + 20H- 

MnCO, - Mn++ + CO,^" 

8.8 X 10-11 

MnS - Mn+<- + S” 

5.6 X 10-1* 

Mercury 

1.6 X 10-« 

Hgrf) + H,0 - Hg,++ + 20H- 
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Reaction 

K 

Mercury {Cord.) 


Hg,Cl, - Hg 2 ++ + 2C1- 

1.1 X io-» 

HgjBr, -= Hg 2 ^ + 2Br- 

5.2 X 10-” 

Hg J, = Hg.-H- + 21- 

4.5 X 10-« 

Hg,CO, = Hg,-H- + CO,— 

9 X 10-»’ 

Hg,SO, = Hg,++ + SO 4 — 

6.2 X 10-^ 

Hg,S = Hg,+-^ + S— 

1 X io-« 

Hg,(CN), = Hg,++ + 2CN- 

5 X 10~« 

Hg 2 (CNS )2 - Hg 2 ^ + 2 CNS- 

3 X 10-«» 

Hg,(IO,), = Hg,++ + 210,- 

1.3 X 10"'8 

Hg2(CH8C02)2 - Hg2++ + 2CH8C02- 

2 X 10-**^ 

HgjCjO, = Hg,++ + C,Or- 

1 X io-»» 

Hg,C,H 40 . = Hg,++ + C 4 H 4 O.— 

1 X 10->» 

Hg,Cr 04 = Hgj-H- + CrO.— 

2 X 10-» 

Hg + Hg++ - Hg,«- 

81 

HgO + OH- - HHgO^-* 

3.15 X 10-«^ 

HgO -f H 2 O = Hg^ + 20H- 

1.7 X 10-“ 

HgS = Hg++ + 8— 

3 X 10-” 

HgClr- « Hg-^ + 4Cl- 

1.1 X 10"« 

HgBrr- - Hg-^ -f 4Br- 

2.3 X 10- 22 

HgL— = Hg++ + 41- 

5.3 X 10~3i 

Hg(CN)4— - Hg++ 4- 4CN- 1 

4 X 10“« 

Nickel 


Ni(0H)2 = Ni-^ -h 20H- 

1.6 X 10->< 

Ni(NH,)4^ * -f 4NH3(aq) 

4.8 X 10-8 

Ni(NH 3 )«-^ - Ni^ -f 6 NH 3 (aq) 

2.1 X 10-8 

Ni(CN) 4 — = Ni-"+ + 4CN- 

ca 1 X 10-22 

NiCOa = Ni^ -f- CO 3 — 

1.36 X 10-7 

NiS(a) = Ni++ 4- S— 

3 X 10-21 

NiS{/3) - Ni-^ 4 S— 

1 X 10-26 

NiS( 7 ) “ Ni-^ 4 S— 

2 X 10-28 

Nitrogen 


HNO2 = H+ 4 NO3- 

4.5 X 10-4 

2 NO 2 « N2O4 

6.5 

NHjOHCaq) 4 H2O = NH3OH+ 4 OH- 

6.6 X 10-8 

NH4OH « NH4+ 4 OH- 

1.81 X 10-8 

N2H4 -f H2O =* N2H6'^ 4 OH- 

8.5 X 10-2 

N2H6+ 4 - H2O « N 2 H«^ 4 OH- 

8.9 X 10-18 

HNa = H-^ 4 N3- 

ca 1 X 10-4 

H2N2O2 = 2H+ 4 NaOa— 

ca 1 X 10-17 

Osmium 


HjOsOft » + HOsOa" 

8 X 10-18 

Oxygen 


H2O « H+ 4 * OH- 

1.008 X 10-14 

OH- - 0 — 4 H^ 

< 10-88 

0 — 4 H2O - 20 H- 

> 1022 

H2O3 » H+ 4 HO,” 

2.4 X 10-12 

Palladium 


Pd (OH) 2 - 4 20 H- 

ca 1 X iO-24 

PdCl4-' = Pd++ 4 4 C 1 - 

ca 3 X 10-7 
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Reaction 


Phosphorus 

H,P04 - H+ + H,POr 
HjPOr = H+ + HPOr- 
HPOr- - H+ + PO4— 

H,PO, = H+ + HjPO,- 
HjPOr = H+ + HPO,— 

H,PO, = H+ + HsPOr 
PHC » PH,(g) + H+ 

Platlnum 

Pt(OH)2 = Pt++ + 20H- 
PtCU— = Pt++ + 4C1- 
PtBrr- = Pt++ + 4Br- 
Pts = Pt++ + S“ 

Potasslum 

KCIO4 = K+ + ClOr 
KBrO, = K+ + BrOr 

KIOj = K'*' + IOa“ 

KaPtCl. = 2K+ + PtCl.— 

KjPdCl. = 2K+ + PdCle— 

Radium 

RaSOa = Ra-^ + SOr" 

Rubidium 

RbClOa = Rb+ + ClOr 

Scandium 

Sc(OH)a = Sc+++ + 30H-- 

Selenium 

H,Se = H+ + HSe- 
HSe- = H+ + Se— 

HSeOr = H+ + SeOr- 

Silicon 

HjSiO. - H+ + HSiOa- 

HSiOa" " H"*" + SiOa 

SiFr" + 2H,0 = SiOa + 4H+ + 6F- 

SiF,— = SiF4(g) + 2f'- 

SiWer 

iAgaO + 4HaO * Ag^ + OH- 
AgCl = Ag'^ -f- Cl 
AgBr » Ag+ + Br- 
Agl « Ag*^ -f 1“ 

AgCN - Ag-^ 4- CN" 

Ag(CN)2- “ Ag'^ 4 - 2CN*- 
AgCNS » Ag-^ 4- CNS- 
AgCNH,),-^ « Ag+ 4- 2NH3(aq) 
Ag(S20s)2 =* Ag"^ 4-28203 

Ag (803)2 ^ Ag'*’ 4“ 2803 

Ag,S « 2Ag^ 4- 8- 

AgNOa « Ag+ 4- NO*- 
AgBrOj «= Ag+ + BrO,- 
AglOs » Ag^ 4* lOa" 


K 


7.5 X 10-» 
6.2 X 10-« 

10 - 1 * 

1.6 X 10“* 
7 X 10-^ 

1 X 10-2 

ca 1 

ca 1 X 10-3^^ 
ca 1 X 10"^® 
ca 1 X 10-*» 
ca 1 X 10-®® 

1.07 X 10-2 

5.7 X 10-2 
5.0 X 10-2 
1.1 X 10-® 
6.0 X 10-® 

4.25 X 10-^1 

2.5 X 10-2 


ca 10-2® 


1.7 X 10-< 
ca 1 X 10-'® 
ca 1 X 10-2 

1 X 10-'® 

1 X 10-'2 

2 X 10-*^ 
2 X 10-'® 


2.0 X 10-® 

1.7 X 10-'® 

3.3 X 10-'® 
8.5 X 10-'2 
7.0 X 10-'® 

3.8 X 10-'® 
1.0 X 10-'2 
6.0 X 10-® 

4.2 X 10-'® 
3.0 X 10-® 
1,0 X 10-®' 

2.4 X 10-® 
5.20 X 10-® 

5.3 X 10-® 
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Reaction 

K 

Silver {Cont,) 


Ag,CO, = 2 Ag+ + CO 3 — 

8.2 X 10-1* 

Ag 2 C 204 *= 2 Ag'‘‘ -}- C 2 O 4 

1.1 X 10-“ 

AgCNO = Ag+ + CNO- 

2.3 X 10“^ 

Ag2Cr04 = 2Ag‘*‘ + Cr04 

1.1 X 10-'» 

Ag 4 Fe(CN)e - 4Ag+ + Fe(CN) 6 '* 

1.55 X 10-« 

AgjS 04 = 2 Ag+ + SOr- 

1.18 X 10-s 

AgaMnOi “ 2 Ag'‘' -f MnOi 

3.1 X 10‘“ 

AgWOi “ 2Ag+ -f WO 4 — 

6.2 X 10-10 

AgCaH,0, = Ag+ + C^HaOr 

1,9 X 10" » 

Sodium 


NaF - Na+ -f F" 

0.36 

NaHCOa = Na-^ 4- HCO 3 - 

0.62 

Na,S 04 - 2 Na+ + SOr" 

0.226 

Strontium 


Sr( 0 H) 2 - 8 H 20 = Sr-^ + 20H- 4- 8 H 2 O 

3.2 X 10-* 

Sr(HC 03 )j = Sr++ + 2HCOr 

1.83 X 10-0 

SrCrO, = Sr++ + CrOr" 

3.6 X 10-0 

SrF, = Sr-^ + 2F- 

3 X 10-» 

SrCO, = Sr++ + CO,— 

9.42 X 10-10 

SrS 04 (ppt) - Sr++ 4- SO 4 — 

2.8 X 10-’ 

SrCjOiHjO = Sr-^ + C,0,— + H,0 

5.61 X 10-0 

Sulfur 


H 2 S - 4* HS- 

1.15 X 10“^ 

HS- « H+ + S— 

1.0 X 10-10 

HjSO, « 4- HSO 3 - 

1.2 X 10~» 

HSO 3 -' - 4- SOa— 

1 X 10-T 

HSO 4 ' » 4- SO 4 '- 

1.2 X 10-» 

H 2 S 2 O 4 - 4- HS 2 O 4 - 

0.45 

HS 2 O 4 - “ 4- S 2 O 4 — 

3.5 X 10-0 

Tellurium 


HaTe « 4 - HTe- 

2.3 X 10-0 

HTe- « 4 - Te— 

ca 1 X 10-0 

TeO, 4- H+ « Te 02 H+ 

8.9 X 10-0 

HTeOa" « TeOa— 4- 

1 X 10-0 

HjTeOs = 4 HTeOa" 

2 X 10-0 

TeO(OH) 2 (aq) « TeOOH^ 4 OH^ 

1 X 10-11 

Thalliiun 


T1(0H)3 = Tl+^ 4 30H- 

1.5 X 10-** 

Tl(OH) « T1+ 4 OH- 

7,2 X 10-1 

TlCl « T1+ 4 Cl- 

1.9 X 10-* 

TlBr « T1+ 4 Br- 

3.6 X 10-0 

Til « Tl-^ 4 I” 

5.8 X 10-0 

TIIO 3 « T1+ 4 IO 3 - 

4.5 X 10-0 

TlBrO, « TI+ 4 BrO,- 

3.9 X 10-* 

TICNS « T1+ 4 CNS- 

5.8 X 10-* 

TI 2 S « 2T1-^ 4 S— 

1.2 X ir« 

Thorium 


Th(OH)4 » 4 40H- 

ca 1 X 10-00 
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Reaction 

K 

Tin 


8 n(OH), = Sn+^- + 20H- 

5 X 10"^ 

H 2 Sn 02 * + HSn 02 “ 

6 X 10-" 

SnS = + S-- 

8 X 10-« 

Sn(OH )4 « Sn^-‘ + 40H- 

ca 1 X 10-^ 

SnCOH)* + 20H- = Sn(OH).— 

2.1 X 10'^ 

Titanium 


TiO(OH )2 * TiO^+ + 20H- 

ca 1 X 10-»» 

iTijOa + SHjO = Ti^+ + 30H- 

ca 1 X 1C-*® 

Uranium 


U 02 ( 0 H )2 = UO 2 ++ + 20H- 

^ 2 X 10-»^ 

Vanadium 


H 2 V.O.,-- = HV,On - + 

1.1 X 10-* 

HV« 0 i 7 — = V,0,7-* + H+ 

ca 1 X 10-® 

Ytterbium 


Yb2(C2O4)3l0H2O = 2Yb+++ + 3 C 2 O,— + lOHjO 

4.4 X lO-**^ 

Yttrium 


Y(OH)! = Y+++ + 30H- 

ca 1 X 10-^* 

Zinc 


Zn++ + H 2 O = Zn(OH)+ + 

2.45 X 10-'® 

Zn(OH) 2 (S) = Zn++ + 2()H- 

4.6 X 10-'^ 

Zn++ + 40H- «= Zn 02 -" + 2 H 2 O 

2.8 X m 

ZnCO, = Zn++ + CO 3 — 

6 X 10-" 

ZnS = Zn*+ + S— 

4.5 X 10-»* 

Zn(C 204 ),-‘ = Zn++ + SCsOe” 

1 X 10-® 

Zn(CN) 4 — = Zn++ + 4CN- 

2 X 

Zn(NH,) 4 -^ = Zn++ + 4 NH 3 {aq) 

9.8 X 10-'® 

Zirconium 


H 2 ZrO,(s) + OH- = HZrOa- + H 2 O 

ca 1 X 10-* 

ZrO(OH) 2 (B) = ZrO^ + 20H- 

ca 1 X 10"" 



APPENDIX IV 


The Activity of Strong Electrolytes 

The activity of a salt which ionizes according to the equation 
X = + v^X- 

is defined as: 

l^4- P— 

a = a_ . 

The geometrical mean of the positive and negative ion activities 
is denoted as a± : 

i/r 

= a 

where v 


Example 

For barium chloride, 

^ == X Uci- ~ • 

If the molality is very low, 

0+ = p+m 
= p_m 
o± = 

Example 


For aluminum sulfate, 
a± = ot(2* + 

If the mean molality is defined as 
m± = 

it is then possible to define a mean activity coefficient 7 . This 
coefficient may be considered the thermodynamic degree of 

318 
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dissociation, and becomes equal to unity at infinite dilution for 
all types of salts: 


7 


7n± 


This mean activity coefficient, which might have been written 7 ^, 
becomes in terms of the activity coefficients of the individual ions: 

7 = ( 7 + 7- ) • 


The activity coefficients of a large number of salts at varying 
molalities have been summarized in the table at the end of this 
appendix, and a few examples of typical curves of 7 against 
are given in Figure 3. 



Fig. 3.—Plot of activity coefficients against square root of molality. 

It was observed by G. N. Lewis as an empirical fact that, in a 
mixture of electrolytes, the activity coefficient of a salt is deter¬ 
mined by the average ionic strength, /i, of the positive and negative 
ions, defined as 


where Z is the charge on an ion. 
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Example 

The ionic strength of BaCU at a molality of m is 

2*m + V(2m) _ 

^ == -^- = 3m. 

The general principal may be stated: In dilute solutions, the 
activity coefficient of a given strong electrolyte is the same in all 
solutions of the same ionic strength. The principal is to be 
looked upon as a limiting law, and large deviations occur at high 
concentrations. 

The Debye and HiickeU theory has supplied the limiting laws 
for dilute solutions. Thus for a single ion 

log 7 . = -0.505 

and for the mean activity of a salt, 
log y = -0.505 

The data in Figure 3 have been replotted in Figure 4 in terms of 

- log y against It will be observed that for dilute solutions 

all the curves, except that for sulfuric acid, approach the limiting 
value (broken line). The behavior of the latter is to be accounted 
for by the weakness of the second dissociation step. If correc¬ 
tions are made for this, sulfuric acid also will fall upon one of the 
family of curves lying above the limiting line. 

Randall and Vietti^ have used the curves of Figure 4 in a 
graphical method of extrapolating potential measurements and 
equilibrium constants to zero ionic strength. As an example, 
we may discuss the application of the method by Bray and 
Hershey® to the ferrous-ferric electrode, that is to the reaction 

Fe^ + IH 2 = Fe^ + H+. 

Experimental e.m.f. values for the reaction must be obtained at 
fairly high hydrogen-ion concentration in order to prevent the 
hydrolysis of the ferric ion. For measurements in hydrochloric 

1 Debye, P., and HUckel, E., Phys. Z., 24 , 185 (1923). 

* Cf. Randall, M., and Vietti, W. A. V., J. Am. Chem. Soc., 50, 1526 
(1928). Unpublished calculations by Randall have also been available to 
the author. 

* Bray, W. C., and Herehey, A, V., J. Am. Chem. Soc., 56, 1889 (1934). 
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acid the potentials may be corrected to unit hydrogen ion activity 
from the known activity coefficients, and to equal concentrations 
of unhydrolyzed ferric and ferrous ions. This then gives the 


HCI I 
-LaClj-BaCIf 


Square Root of Ionic Strength 
Fig. 4.—Plot of against nh. 


Square Root of /x 

Fig. 6.—E/5 X 0.05914 for Fe‘^-Fe'’~*^ couple plotted against square root of 

ionic strength. 


potential of Fe^—Fe*^ couple in the hydrochloric acid solution. 
The jB® value, however, refers to zero ionic strength and the 
extrapolation is a difficult problem. 
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The log curve for a single ion approaches the limiting line 
whose slope is 0.505Z*. For the Fe"^—Fe+++ couple AZ“ is 5 and 
the assumption is made that the curve for E/5 X 0.05914 against 
ju* will approach the limiting slope 0.505. A reproduction of the 
Bray and Hershey curve is given in Figure 5. The extrapolation 
to zero ionic strength is made by slipping the family of curves in 
Figure 4 over the experimental points until the best fit is secured. 
In this case it is a curve which lies just below that for HCl. 

The problem of the extrapolation of this couple to zero ionic 
strength has been treated in a somewhat different manner by 
Schumb, Sherrill, and Sweetser.^ These authors make use of an 
equation suggested by Guggenheim and Schindler* 

log 7 = -0.505 7? 

which corresponds to about the average of the curves at low ionic 
strength. They calculate for each ionic strength a value 

i 

E' = Eob^rv. - 0.05914 AZ2 X 0.505 — 

E' is then plotted against /x and extrapolated to /x == 0. 

This method gives somewhat greater weight to the measure¬ 
ments at low ionic strength where the experimental errors are 
often quite large. The Randall method gives equal weight to all 
measurements throughout the concentration range but the as¬ 
sumption that the shape of the curve will always fit that of a curve 
for a single activity coefficient is open to some question. 

♦ Schumb, W. C., Sherrill, M. S., and Sweetser, S. B., J. Am. Chem. Soc., 
69 , 2360 (1937). 

^ Guggenheim, E. A., and Schindler, T. 0., J. Phys. Chem., 38, 643 (1934). 
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K^erenoe list will be found on pp. 326-327. 

























ACTIVITY COEFFICIENTS OF STRONG ELECTROLYTES (Concluded) 


Reference* 

(27) 
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(8). (1) 
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(18) 
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(1) 
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(2). (47). (1) 
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(2) 

(8). (1) 

(18). (9) 

(20) 

(21). (9) 

(21) 

(21) 

(1), (19) 

(1) . (32) 

(2) . (29) 

(29) 

o 

0.579 

0.622 

0.75 

0.49 

1.46 

0.079 

o 

CO 
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0.59 

0.571 

0.603 

0.72 
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o 
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liirt will be found on pp. 3^-327. 



















Reference* 

(29) 

(33), (1) 

(33), (1) 

(33), (1) 

(33), (1) 

(33) , (1) 

(8), (1) 

(34) , (20), (18) 
(18), (26) 

(8), (1), (9) 

(35) , (5) 

(37), (38) 

(21) 

(22) 

(48) 

(27), (1) 

(27), (1) 

(21), (1) 

(27) 

(27) 

(2), (39) 

(27) 

(27) 

(27) 

(22) 

(41), (42), (29) 

o 

0.78 

0.934 

0.41 

0.54 

0.51 

0.51 

0.21 

0.38 

o 

«o 

0.71 

0.826 

0.44 

0.54 

0.52 

0.52 

0.25 

0.40 

0.04 

o 

e4 
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,t»l^OOt^^QOODCOOOOOw5oO . 


T-4 . 

.'^coco*^C3st^t>-caoo5t^'^r^QQ. 

.ooaooociiiOooQOoooboocOooico . co . 

q 

.88 

.87 

.89 

.88 

.67 

.90 

.904 

.914 

.91 

.90 

.714 

.90 

.61 

.69 

.90 

.90 

.71 

.39 

§ 

00 .... ... 
;^QrH»-«^co^cO’^cot>«coocDe 2 . . . .eo . . . f ^ 


.944 

.949 

.946 

.942 

.821 

.953 

.955 

.96 

.953 

.847 

.95 

.80 

.84 

.95 

.84 

.61 

% 

.961 

.964 

.962 

.959 

.874 

.966 

.966 

.97 

.966 

.887 

.97 

.86 

.88 

.96 

.88 

.70 

e 

«d ^ 
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Reference list will be found on pp. 326-327. 
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APPENDIX V 


Entropy Values 

In order to simplify the treatment, the experimental values 
for the entropies of the elements and compounds have not been 
given in the text. These values are summarized in the table 
below. The review by Kelley (reference 1) is such an excellent 
treatment that one can hardly do more, in general, than repeat 
his computations. However, a number of new entropies have 
been determihed since the publication of the Kelley review, and 
these have been included. The values for the entropies of the 
aqueous ions, which have been the subject of an extensive series of 
investigations by the author and his co-workers, have been 
completely revised. In listing references, the original author 
has been given unless Kelley combined data from a number of 
sources. 

Although many of the values given in the table have not been 
used directly in the free energy calculations of the text, a large 
number have been used indirectly as a basis for the estimation of 
the entropies of substances which have not been experimentally 
determined. For two solid substances of similar formulas and 
similar melting points, the difference in entropy arises very largely 
from the mass effect. The knowledge of the entropy of one 
substance then permits a close estimate of the value for that of the 
other by the expression, 

- Sbx = In 

at. wt.B 


ENTROPIES AT 298.15 K. 
(Values in calories per degree per mole) 


Substance 

iSsM.U 

Referenoe" 

Substance 


Refsrsnoo^ 

Aliuulottm 

A1(8) 

6.73 

(2) 

Antimony 

Sb(8) 

10.6 

(6) 

Al(g) 

39.31 

(5) 

Sb(g) 

42.75 

(6) 

A1+++ , 

-76 

(3) 

8b,(g) 

60.9 

(1) 

Al^« 

12.5 

(1) 

Sbrf),(8) 

29.4 

(6) 


*Rofer«noe list will be found on pp. 334-336. 
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ENTROPIES AT 298.16 K. (Continued) 


8 ubeUnoe 

Stm.it 

Reference'* 

Antimony {Cont.) 



Sb,04 

30.4 

(6) 

SbjO, 

29.9 

(6) 

SbCl,(s) 

44.8 

(1) 

Arsenic 



As(b) 

8.4 

(7) 

As(g) 

41.62 

(6) 

A84(g) 

68.7 

(1) 

AS20 s 

25.6 1 

(7) 

AsjOfi 

25.2 

(7) 

A8Cl,(g) 

78.2 1 

(30) 

Barium 



Ba(8) 

15.1 i 

(88) 

Ba{g) 

40.67 

(5) 

Ba++ 

2.3 

(3) 

Ba(BrO,),HiO 

69 

(40) 

BaCO, 

26.8 

(15) 

BaCI,-2HsO 

48.58 

(20) 

Ba(NO,)» 

51.1 

(39) 

BaO(B) 

16.8 

(10) 

BaS 04 

31.5 

(42) 

BaFi 

23.03 

(93) 

Beryllium 



Be(8) 

2.28 

(1), (45) 

Be(g) 

32.53 

(5) 

Bismuth 



Bi(8) 

13.6 

(1) 

Bi{g) 

44.68 

(6) 

Bi.(g) 

65.4 

(1) 

BitOi 

32.2 

(6) 

BiCl,(8) 

46 

(1) 

Boron 



B(8) 

(1-5) 

(88) ! 

B(g) 

36.66 

(1) 

Bromine 



Br.(l) 

36.8 

(46) 

Br,(g) 

58.63 

(1) 

Br(g) 

41.81 

(5) 

^r- 

19.7 

(3) 

HBr 

47.48 

(48) 

BrCl 

57.1 

(51) 

BrO»“ 

38.5 

(3) 

Cadmium 



Cd(8) 

12.3 

(1) 

Cd(g) 

40.07 

(5) 

Cd++ 

16.4 

(3) 

CdBr, 

34.4 

(1) 


Subetance 

Sm,u 

Reference'* 

Cadmium (Cont.) 



CdCU 

31.5 

(1), (53) 

CdCO. 

25.2 

(1) 

CdO 

13.1 

(1) 

Cd(OH), 

21.2 

(1) 

CdS 

15.0 


Calcium 



Ca(8) 

9.9 

(62), (1) 

Ca(g) 

37.00 

(5) 

Ca++ 

11.4 

(3) 

CaCOaCcalcite) 

22.2 

(15), (1) 

CaCOj (arag¬ 

21.2 

(16), (1) 

onite) 



CaCsOd-HjO 

37.3 

(43) 

CaFi 

16.4 

(1) 

CaH* 

9.9 

(1) 

CaO 

9.5 

(64) 

Ca(OH)a 

18.2 

(40) 

CaS 04 ' 2 H 20 

46.4 

(42) 

CaS04 

25.6 

(1) 

Carbon 



C (graphite) 

1.36 

(55) 

C (diamond) 

0.585 

(68) 

C(g) 

37.77 

(1) 

Ca(g) 

47.9 

(1) 

CCl4(g) 

74.3 

(56) 

CCUd) 

51.5 

(56) 

CH4 

44.5 

(57) 

CaN, 

57.8 

(60) 

CO 

47,32 

(61) 

COa 

51.08 

(17) 

co,-~ 

-13.0 

(3) 

HCO,- 

22.2 

(3) 

H2COa(aq) 

45.1 

(3), (59) 

CS2(1) 

36.1 

(19) 

COS 

55.3 

(18) 

0204”*” 

9.6 

(3) 

HCN(g) 

48.2 

(62) 

CN- 

25 

(3) 

Cerium 



Ce(B) 

13.8 

(4) 

Ce(g) 

48.1 

(5) 

CeOj 

(17.7) 

(1) 

Cesium 



Cb(8) 

19.8 

(1) 

Cs(g) 

41.95 

(6) 


*R«f*raan list will be found on pp. 334-338. 
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ENTROPIES AT 298.15 K. (Continued) 


Substance 


Reference® 

Substance 

iSzas.is 

Reference® 

Cesium {Cant.) 



Germanium 



CsAl(S 04 )r 



Ge(s) 

10.1 

(1) 

I 2 H 2 O 

16.4 

(40) 

Gold 


CSCIO 4 

41.9 

(93) 

Au(8 ) 

11.4 

(1) 

Chlorine 

CI 2 

53.31 

(63) 

Au(g) 

Hafnium 

43.13 

(5) 

cug) 

HCl(g) 

Cl- 

39.47 

44.66 

13.50 

(1) 

(49) 

(3) 

Hf(8) 

Helium 

13.1 

(45) 

CI 2 O 

67.9 

(1) 

He(g) 

30.13 

(5) 

CIO 2 

58.5 

(1) 

Hydrogen 



C10“ 

10.0 

(3) 

Ha 

31.23 

(23) 

cior 

24.1 

(3) 

Dj 

34.62 

(65) 

CIO 3 - 

39.4 

(3) 

H 

27.40 

(5) 

CIO 4 - 

43.6 

(3) 


0.00 

(3) 

Chromium 



H,0(g) 

45.13 

(16) 

Cr(8) 

5.68 

(1) 

HsOd) 

16.75 

(26), (16) 

Cr(g) 

41 64 

(5) 

D,0(g) 

46.66 

(27) 

CrzOa 

19.4 

(1) 

D,0(1) 

18.08 

(27) 

Cr04— 

10.5 

(3) 

Indium 



Cobalt 



ln(8) 

(14.5) 

(66) 

CO(s) 

6.8 

(1) 

In(g) 

41.51 

(5) 

Copper 



Iodine 


CU(8) 

7.97 

(1) 

laCs) 

27.9 

(67) 

Cu(g) 

39.75 

(5) 

12 (g) 

62.29 

(67) 

CU2(g) 

58.9 

(64) 

1(g) 

43.19 

(5) 

Cu-^ 

-26.5 

(3) 

HI 

49.40 

(50) 

CuBr 

22.8 

(1) 

I~ 

25.3 

(3) 

CuCl 

20.8 

(1) 

IBr(g) 

62.0 

(51) 

Cul 

23.1 

(1) 

IBr(8) 

33.2 

(51) 

CuCOa 

17.7 

(1) 

ICl(g) 

59.15 

(51) 

CU 2 O 

24.0 

(1) 

ICl3(8) 

27.3 

(68) 

CuO 

10.4 

(1) 

lOs- 

28.0 

(3) 

CuaS 

28.9 

(1) 

Iridium 


CuS 

15.9 

(1) 

Ir(8) 

8.7 

(4) 

CUSO 4 

25.3 

(1) 

Iron 


Fluorine 



Fe(8) 

6.5 

(1) 

F2(g) 

48.00 

(1) 

Fe(g) 

43.12 

(1) 

F(g) 

37.93 

(1) 

Fe-^^ 

-25.9 

(3) 

HF 

41.5 

(1) 

Fe+++ 

-63.3 

(3) 

F- 

-2.3 

(3) 

FeC08(8iderite) 

22.2 

(9) 

FaO 

Gadolinium 

Gd 2 (S 04 ) 8 - 8 H 20 

59 

155.7 

(88) 

(1) 

FeCla 

FeO 

FeaOa 

Fe304 

29.4 
14.2 

21.5 
35.0 

(1) 

(1) 

(54) 

(54) 

Gallium 



FeS 

16,1 

(1) 

Ga(8) 

10.2 

(1) 

Lanthanum 


Ga(g) 

40.03 

(1) 

La(8) 

13.7 

(4) 


“ Reference list will be found on pp. 334-336. 






App. V] 


ENTROPY VALUES 


331 


ENTROPIES AT 298.16 K. (Corainued) 


Substance 

3ae.u 

Reference* 

Substance 

Sm.ib 

1 

Reference* 

Lead 



Mercury (Cont.) 



Pb(8) 

15.50 

(4) 

HgS 

19.8 

(1) 

Pb(g) 

41.90 

(5) 

HgjSO* 

47.9 

(1) 


3.9 

(3) 

Molybdenum 



PbCU 

32.6 

(1) 

Mo(8) 

6.8 

(72) 

PbBr2 

38.6 

(46) 

Mo(g) 

43.47 

(5) 

PbT* 

42.2 

(69) 

M 0 S 2 

15.1 

(1) 

PbCO, 

31.3 

(9) 

Neon 


i 

PbO 

16.9 

(1) 

Ne(g) 

34.96 

(5) 

PbO, 

18.3 

(1) 

Nickel 



Pb,04 

50.5 

(1) 

Ni(s) 

7.1 

(75), (1) 

PbS 

21.8 

(1) 

Ni(g) 

43.54 

(1) 

PbS04 

35.2 

(12) 

Nitrogen 



Pb.(P04), 

84.45 

(9.3) 

N, 

45.79 

(22) 

Lithium 



N(g) 

36.62 

(5) 

Li(8) 

6.70 

(70) 

N 2 O 

52.58 

(77) 

Li(g) 

33.15 

(5) 

NO 

50.34 

(78), (79) 

Li,(g) 

47.01 

(1) 

NO,(g) 

57.47 

(76) 

Li+ 

4.7 

(3) 

N,04(g) 

72.73 

(76) 

LiH 

6.0 

(71) 

N 504 ( 8 ) 

36.6 

(1) 

LiOH 

12.8 

(1) 

Nj06(g) 

81.8 

(1) 

Li2S04 

35.3 

(1) 

NOBr(g) 

65.2 

(80), (1) 

Li2CO, 

21.60 

(29) 

NOCl(g) 

60.5 

(1) 

Magnesium 



NH2(g) 

45.91 

(21) 

Mg(8) 

7.76 

(52) 

NH4"^ 

26.4 

(3) 

Mg(g) 

35.51 

(5) 

NH 40 H{aq) 

42.8 

(3), (59) 

Mg*-^ 

-31.6 

(3) 

NH 4 CI 

31.8 

(1) 

MgCO, 

15.7 

(9) 

NO 2 - 

29.9 

(3) 

MgO 

6.66 

(16) 

NOj- 

35.0 

(3) 

Mg(OH), 

15.19 

(16) 

Osmium 



Manganese 



Os(8) 

7.8 

(4) 

Mn(8) 

7.3 

(4) 

Oxygen 



Mn(g) 

41.50 

(5) 

O 2 

49.03 

(81) 

MnCO, 

20.5 

(9) 

0(g) 

38.48 

(1) 

MnO 

14.4 

(1) 

0, 

57.1 

(1) 

MnOj 

13.9 

(1) 

OH(g) 

43.9 

(82) 

Mn,0« 

35.5 

(1) 

OH-(aq) 

-2.49 

(3) 

MnS 

18.7 

(1) 

Palladium 



Mercuiy 



Pd(s) 

8.9 

(4) 

Hg(l) 

18.5 

(1) 

Phosphorus 



Hg(g) 

41.80 

(5) 

P(red) 

(7) 

(88) 

Hg++ 

-6.5 

(40) 

P (yellow) 

15.1 

(30) 

Hg,++ 

17.7 

(3) 

P(g) 

38.99 

(5) 

HgjCl, 

47.0 

(1) 

Ps(g) 

52.0 

(30) 

HgjBr, 

52.8 

(74), (1) 

P4(g) 

84.9 

(30) 

HgO(red) 

16.5. 

(1) 

PH,(g) 

50.35 

(24) 

HgO (yellow) 

17.5 

(1) 

PBr,(g) 

83.4 

(1) 


* Reference list will be found on pp. 334-;i36. 
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ENTROPIES AT 298.15 K. (Continued) 


SubRtance 

5298.16 

Reference" 

Bubstauce 

5w8.16 

Reference® 

Phosphorus 



Silicon {Cont.) 



(Cont.) 



SiOiCglass) 

11.2 

(1) 

PC1,(1) 

52.2 

(1) 

Silver 



PF,(g) 

64.2 

(30) 

Ag(8) 

10.2 

(2) 

PH4I 

32.1 

(1) 

Ag(g) 

41.33 

(5) 

Platinum 



Ag20 

29.09 

(31) 

Pt(8) 

10.0 

(72), (1) 

Ag+ 

17.54 

(3) 

Potassium 



AgCl 

22.97 

(85) 

K(8) 

15.2 

(72), (1) 

AgBr 

25.62 

(85) 

K(g) 

38.30. 

(5) 

Agl 

27.6 

(1) 

K,(g) 

59.5 

(1) 

Ag,CO. 

40.0 

(14) 

K+ 

24.2 

(3) 

Agio, 

36.0 

(40) 

KCl 

19.75 

(87) 

Ag,8 

35.0 

(1) 

KBr 

22.5 

(2) 

Ag2S04 

47.8 

(41) 

KI 

24.1 

(1) 

AgNOs 

33.68 

(32) 

KCIO, 

34.2 

(44) 

Ag(NH.),+ 

57.8 

(3) 

KC104 

36.1 

(84) 

AgjCrO. 

51.82 

(33) 

KBrO, 

35.6 

(83) 

AgClOi 

32.16 

(34) 

KIO3 

36.2 

(83) 

Sodium 



KNO, 

31.78 

(87) 

Na(s) 

12.2 

(1) 

K2SO4 

44 8 

(1) 

Na(g) 

36.72 

(5) 

KMn04 

41.04 

(25) 

Na,(g) 

54.9 

(1) 

Rhodium 



Na^ 

14.0 

(3) 

Rh 

7.6 

(4) 

NaCl 

17.3 

(1) 

Rubidium 



NaBr 

20.1 

(73) 

Rb(s) 

18.1 

(88) 

Nal 

22.5 

(73) 

Rb(g) 

40.64 

(5) 

Na2COj 

32.5 

(14) 

Rb+ 

28.7 

(3) 

NaHCOs 

24.4 

(14) 

RbC104 

36.3 

(28) 

NaOH 

13.8 

(86), (1) 

Ruthenium 



NaNO, 

27.87 

(87) 

Ru(8) 

6.9 

(4) 

Na2S04 

35.73 

(47) 

Samarium 



Na2SO4l0H2O 

142.2 

(47) 

Sm2(S04)j-8H20 

161.0 

(1) 

Strontium 



Selenium 



Sr(s) 

13.3 

(88) 

Se(8) 

10.5 

(9) 

Sr(g) 

39.33 

( 5 ) 

SeFeCg) 

75.2 

(1) 

SrO 

13.0 

(10) 

SUicon 



SrCO, 

23.2 

(16) 

Si(s) 

4.5 

(2) 

Sulfur 



Si(g) 

40.13 

(1) 

S(r) 

7.62 

(35) 

SiC 

3.90 

(1) 


7.78 

(35) 

SiCl4(g) 

79.2 

(56) 

S(g) 

40.10 

(1) 

sicud) 

57.4 

(1) 

s,(g) 

54.41 

(1) 

SiH4(g) 

49.03 

(1) 

8.(g) 

92.2 

(1) 

Si02 (quartz) 

10.1 

(13) 

S,(g) 

109.2 

(1) 

Si02(cristo- 



S“ 

-5.5 

(40) 

balite) 

10.35 

(13) 

HS- 

14.9 

(3) 

SiOiCtridymite) 

10.5 

(13) 

H»S(g) 

49.16 

(36), (37) 


‘ Bcfereiic* list will be found on pp. 334-338. 
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ENTROPIES AT 298.15 K. {Continued) 


Substance 

5m. 15 

Reference® 

Sulfur {Cent.) 



8 F,(g) 

69.6 

(1) 

SO(g) 

63.1 

(89) 

80,(g) 

59.3 

(1) 

SOr- 

4.4 

(3) 

HSOr 

30.6 

(3) 

80.— 

3 

(3) 

HSO,- 

32.6 

(3) 

Tuitalum 



Ta(8) 

9.4 

(1) 

Tellurium 



Te(8) 

12,85 

(8) 

Te.(g) 

64.5 

(1) 

TeF,(g) 

80.8 

(1) 

Thallium 



T1(8) 

15.5 

(52) 

Tl(g) 

43.23 

(5) 

T1+ 

30.5 

(3) 

TlCl 

24.8 

(1) 

TlBr 

26.8 

(1) 

TII 

29.9 

(1) 

TINO, 

38.1 

(38) 

Thorium 



Th(8) 

13.6 

(4) 

ThO, 

(19.6) 

(1) 

Tin 



Sn (white) 

12.4 1 

(2) 

Sn(grey) 

10.7 ! 

(2) 

8 n(g) 

40.24 

(5) 

Sn++ 

-4.9 

(3) 

8 nCl.(l) 

62.1 

(56), (1) 

® Reference list will be found on pp. 334*-336. 


Subetanoe 

5m. 11 

Reference® 

Tin {Cont.) 
SnO 

13.5 

(1) 

SnO, 

12.5 

(1) 

Titanium 



Ti(8) 

6.6 

(4) 

TiCl.d) 

60.4 

(56), (1) 

Tungsten 

W(8) 

8.0 

(1) 

WO, 

(18.3) 

(1) 

Uranium 



U(b) 

11.1 

(4) 

u,o. 

(72.7) 

(1) 

Vanadium 



V(s) 

7.0 

(11) 

v,o, 

23.5 

(11) 

V,04 

24.6 

(11) 

v,o, 

31.3 

(11) 

zinc 



Zn(s) 

9.95 

(1) 

Zn(g) 

38.46 

(5) 

Zn++ 

-25.7 

(3) 

ZnO 

10.4 

(1) 

ZnS 

13.8 

(1) 

ZnSO, 

30.6 

(91), (1) 

ZnCO, 

19.7 1 

(9) 

ZnCl, 

24.3 

(90) 

ZnCl,(NH ,)4 

109.6 

(90) 

ZnBr, 

32.2 

(92), (1) 

Zirconium 



Zr(8) 

9.5 

(4) 
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Acetone, 122 
Actinium, 269 
Activity: 
coefficients, 323 
strong electrolytes, 319 
Alcohols, 121 
Aldehydes, 121 
Aluminate ion, 264 
Aluminum; 
amalgam, 263 
hydroxide, 263 
ion, 263 

oxidation states, 262 
sulfide, 263 

Aminodiphenyl amine, 126 
Ammonia: 
gas, 85 
reduction, 92 
Ammonium: 
hydroxide, 89 
ion, 89 
Aniline, 125 
Antimonic acid, 109 
Antimonous acid, 108 
Antimony: 
oxidation states, 108 
pentoxide, 109 
potentials, 108, 111 
sulfides. 111 
tetroxide, 110 
trichloride, 110 
Antimony!, 109 
Argentic ion, 181 
Arsenic: 
acid, 105 

oxidation states, 103 
potentials, 104, 107 
sulfides, 106 
trichloride, 107 
Arsenious: 
acid, 104 
oxide, 105 
Arsehite, 106 
Arsine, 104 
Aurate ion, 183 


Auric: 

bromide, 186 
complex chloride, 184 
cyanide, 185 
oxide, 183 

Aurous: 
cyanide, 185 
iodide, 184 
ion, 1^ 
oxide, 185 
sulfide, 186 
thiocyanate, 185 

Azobenzene, 126 

Azoxybenzene, 126 

B 

Barium*: 

bromate, 281 
carbonate, 280 
chromate, 280 
fluoride, 280 
hydroxide, 279 
iodate, 281 
ion, 279 

manganate, 281 
oxalate, 280 
oxidation states, 279 
peroxide, 281 
sulfate, 280 
Benzidine, 126 
Benzoquinone, 129 
Benzylboric acid, 262 
Beryllate ion, 271 
Beryllium: 
hydroxide, 271 
ion, 271 

oxidation states, 270 
Bicarbonate, 118 
Biplumbite ion, 140 
Bismuth: 
monoxide, 115 
oxidation states, 112 
oxychloride, 113 
pentoxide, 115 
potentials, 112, 116 
tetroxide, 115 
trichloride, 113 
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Bismuthine, 112 
Bismuthyl: 
hydroxide, 113 
ion, 112 

Boric acids, 259 
Boron: 

hydrogen compounds, 259 
oxidation states, 258 
potentials, 261 
trichloride, 259 
Bromic acid, 54 
Bromide ion, 53 
Bromine: 
chloride, 55 
oxidation states, 52 
potentials, 53, 55 
Bromoiridate, 206 
Bromoplatinite, 194 
Butylboric acid, 262 

C 

Cadmate ion, 159 
Cadmium: 

ammonia complex, 159 
carbonate, 160 
hydroxide, 159 
iodide, 160 
ion, 159 

oxidation states, 158 
sulfide, 160 
thiosulfate, 160 
Calcium: 
carbonate, 275 
hydroxide, 275 
iodate, 276 
ion, 274 
oxalate, 275 
oxidation states, 274 
phosphate, 276 
sulfate, 275 
tartrate, 276 
Calomel electrodes, 162 
Calorie, 1 
Carbon: 
dioxide, 118 
disulfide, 131 
free energies, 119 
monoxide, 119, 121 
oxidation states, 118 
oxysulfide, 131 
potentials, 120 
tetrachloride, 131 
Carbonate ion, 118 


Caro's acid, 71 
Cells: 

with liquid junctions, 6 
without liquid junctions, 4 
Ceric sulfate, 268 
Cerium: 
dioxide, 268 
oxalate, 267 
tartrate, 267 
Cesium: 
carbonate, 288 
chloride, 288 
hydroxide, 288 
ion, 285 
nitrate, 288 
perchlorate, 288 
potential, 285 
sulfate, 288 
Chlorate, 49 
Chloric acid, 49 
Chlorine: 
dioxide, 49 
oxidation states, 47 
potentials, 47, 51 
Chloroiridate, 205 
Chloroplatinates, 195 
Chloroplatinite, 194 
Chlororhenate, 226 
Chlororhenite ion, 226 
Chlorosmate, 218 
Chlorosmite, 216 
Chlorous acid, 48 
Chromate ion, 231 
Chromic: 
chromate, 231 
hydroxide, 230 
ion, 229 

Chromite ion, 230 
Chromium: 
oxidation states, 229 
potentials, 240 
Chromous ion, 230 
Chromyl chloride, 232 
Cobalt: 
carbonate, 200 
cyanide, 201 
dioxide, 202 
hydroxide, 199 
oxidation states, 198 
potentials, 199 
sulfide, 200 
Cobaltammines, 201 
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Cobaltic: 
hydroxide, 201 
ion, 201 

Cobaltinitrite, 202 
Cobaltous: 

ammonia complex, 200 
ion,199 

Columbate ion, 245 
Columbic oxide, 245 
Columbium: 
oxidation states, 244 
potentials, 245 
Copper: 

oxidation states, 169 
potentials, 170, 173 
Cuprate ion, 174 
Cupric: 

ammonia complex, 175 
carbonate, 174 
hydroxide, 173 
iodate, 175 
ion, 173 
oxide, 174 
sulfide, 174 
Cuprous: 

ammonia complex ions, 173 
bromide, 171 
chloride, 170 
cyanide, 172 
iodide, 171 
ion, 169 
oxide, 170 
sulfide, 172 
thiocyanate, 172 
thiosulfate, 172 
Cyanate, 127 
Cyanide, 127 
Cyanogen: 
derivatives, 127 
potentials, 127 

D 

Deuterium: 
couple, 32 

enrichment factor, 33 
molecule, 26 
Diberyllate ion, 271 
Dichromate ion, 231 
Dihydroxylammonia, 86 
Diphenylamine, 129 
Diphenylbenzidine, 129 
Dithionate, 70 
Diuranates, 238 


Dry cells, 224 
Dysprosium: 
hydroxide, 265 
ion, 265 

E 

Edison storage battery, 190 
Electrode potentials, absolute, 21 
Electrolytes, activity of, 319 
Electron affinities, 17 
Entropy: 
definition, 9 
values, 328 

Equilibrium constant: 
definition, 2, 8 
summary of, 309 
Erioglaucine A., 130 
Ethane, 123 
Ether, 122 
Europous ion, 269 

F 

Faraday, 1 
Ferrate ion, 214 
Ferric: 
fluoride, 213 
hydroxide, 211 
ion, 210 
sulfide, 213 
tartrate, 213 
thiocyanate, 213 
Ferricyanide, 212 
Ferrite ion, 211 
Ferrocyanide, 210 
Ferrous: 
carbonate, 209 
hydroxide, 209 
ion, 208 

orthophenanthroline, 213 
oxalate, 212 
Ferryl ion, 214 
Flavines, 131 
Fluoaluminate, 264 
Fluorine: 
couples, 45 
oxidation states, 45 
oxide, 46 
Fluosilicate, 134 
Fluostannate, 138 
Fluotitanate, 251 
Formaldehyde, 119 
Formic acid, 119 
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Free energies: 
definition, 7 
summary of, 302 

G 

Gallic ion, 147 
Gallium: 
hydroxide, 148 
oxidation states, 147 
oxides, 148 
potentials, 147 
Callous chloride, 148 
Gas constant, 1 
Germane, 136 
Germanium: 
oxidation states, 134 
oxides, 135 
tetrachloride, 135 
Germanous: 
acid, 136 
ion, 135 
Glucose, 119 
Gold: 

oxidation states, 183 
potentials, 183, 185 
sulfide, 186 

H 

Hafnium: 

oxidation states, 254 
oxide, 254 
Hafnyl ion, 254 
Haloforms, 122 
Halogens, 45 
Heat content, 8 
Heteroboric acids, 262 
Hofer-Moest reaction, 123 
Holmium: 
hydroxide, 265 
ion, 265 

Hydration energies: 
absolute, 21 
(table), 19 
Hydrazine, 90 
Hydrazobenzene, 126 
Hydrazoic acid, 93 
Hydride ion, 27 
Hydrides, solid, 31 
Hydrocarbons: 
free energies, 119 
unsaturated, 125 


i Hydrogen: 

diphosphide, 101 
overvoltage, 29 
oxidation states, 27 
peroxide, 37 
reference couple, 2 
selenide, 75 
sulfide, 65 
telluride, 77 
Hydroquinone, 128 
Hydroxyl, 34, 43 
Hydroxylamine, 89 
Hypobromite, 54 
Hypobromous acid, 54 
Hypochlorite, 48 
Hypochlorous acid, 48 
Hypoiodite ion, 57 
Hypoiodous aci^, 57 
Hyponitrous acid, 87 
Hypophosphoric acid, 99 
Hypophosphorous acid, 100 
Hyposulfurous acid, 68 

I 

Indie ion, 150 
Indigo, 130 
Indium: 
chlorides, 151 
hydroxide, 150 
oxidation states, 149 
oxide, 150 
potentials, 150 
Indophenols, 130 
lodate ion, ^ 

Iodide ion, 56 
Iodine: 

monobromide, 5 
monochloride, 57 
oxidation states, 56 
potentials, 56, 60 
trichloride, 58 
lodoiridate, 206 
Ionization potentials, 14 
Iridium: 
chlorides, 205 
free energies, 205 
oxidation states, 204 
oxide, 205 
I Iron: 

oxidation states, 208 
potentials, 209i 210 

K 

I Kolbe reaction, 123 
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L 

Lactic acid, 120 
Lanthanum: 
hydroxide, 267 
ion, 267 

oxidation states, 266 
Lattice energies, 18 
Lead: 

amalgam, 139 
bromate, 143 
bromide, 141 
carbonate, 143 
chloride, 141 
chromate, 143 
dioxide, 144 
halides, 141 
hydroxide, 140 
iodate, 143 
iodide, 141 
oxidation states, 139 
oxide, 140 
red, 144 

storage battery, 145 
sulfate, 142 
Lithium: 
carbonate, 285 
chloride, 285 
fluoride, 285 
hydroxide, 285 
ion, 285 
potential, 285 
sulfate, 285 

Lutecium hydroxide, 267 
M 

Magnesium: 

ammonium phosphate, 273 
carbonate, 273 
fluoride, 273 
hydroxide, 272 
ion, 272 

monohalides, 273 
oxidation states, 272 
Manganate, 222 
Manganese: 
cyanides, 221 
dioxide, 222 
oxidation states, 210 
Manganic: 
hydroxide, 221 
ion, 221 
oxalates, 221 
Manganites, 224 


Manganous: 
carbonate, 220 
hydroxide, 220 
ion, 219 
sulfide, 220 
Masurium, 219 
Merc urate ion, 165 
Mercuric: 

ammonobasic salts, 167 
bromide, 166 
chloride, 166 
cyanide, 166 
iodate, 167 
iodide, 166 
ion, 164 
oxide, 165 
sulfide, 166 
Mercurous: 
acetate, 164 
bromide, 163 
carbonate, 163 
chloride, 162 
chromate, 164 
iodate, 164 
iodide, 163 
ion,161 
oxalate, 164 
oxide, 162 
sulfate, 163 
sulfide, 164 
thiocyanate, 164 
Mercury: 

oxidation states, 161 
potentials, 162 
Metaborates, 259 
Methane, 119 
Methyl: 
alcohol, 119 
formate, 121 
Methylene blue, 130 
Molybdenic hydroxide, 235 
Molybdate ions, 233 
Molybdenum: 
blue, 234 
chlorides, 233 
cyanides, 235 
dioxide, 235 
oxidation states, 232 
oxides, 233 
peroxide, 235 
trisulfide, 233 
Monotungstic acid, 236 
Murexides, 131 
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N 

Nickel: 

ammonia complex ion, 188 
carbonate, 189 
hydroxide, 188 
oxidation states, 187 
potentials, 188 
sulfide, 189 
Nickelate, 190 
Nickelic oxide, 189 
Nickelous: 
cyanide, 189 
ion, 188 
Nitrate ion, 86 
Nitric: 
acid, 

potentials, 86 
reduction, 85 
oxide, 

free energy, 85 
reduction, 93 
Nitrite, 85 
Nitrobenzene, 125 
Nitrogen: 
free energies, 83 
oxidation states, 82 
potentials, 94-95, 97 
tetroxide, 85 
Nitroguanidine, 130 
Nitrous: 
acid, 86 
oxide, 88 
Nitrosyl: 
bromide, 96 
chloride, 96 
Nitroxyl, 86 

O 

Organic acids, 122 
Orthophosphoric acid, 98 
Osmium: 

oxidation states, 216 
potentials, 218 
tetroxide, 217 
Osmyl ion, 217 
Oxalic acid, 120 

Oxidation-reduction potentials, 
summary of, 293 
Oxygen: 
overvoltages, 36 
oxidation states, 34 
potentials, 42 


Ozone: 
potentials, 40 

P 

Palladium: 
chlorides, 192 
hydroxide, 191 
oxidation states, 190 
oxides, 191 
potentials, 191 
trioxide, 192 
Palladous ion, 191 
Paratungstates, 237 
Pentathionate, 70 
Perchlorate ion, 50 
Perchloric acid, 60 
Perferrite ion, 214 
Perhydroxyl, potentials, 41 
Periodic acid, 69 
Permanganate, 222 
Pernickelate, 190 
Peroxides, solid, 39 
Peroxyacetic acid, 124 
Peroxycarbonate, 124 
Peroxydisulfate, 71 
Perperoxmic acid, 217 
Perplatinate, 197 
Perrhenic acid, 226 
Perruthenate, 216 
Pervanadyl, 243 
Phenylboric acid, 262 
Phenylethylboric acid, 262 
Phenyl hydroxylamine, 126 
Phosgene, 131 
Phosphine, 101 
Phosphorous acid: 
constants, 99 
potentials, 98 
Phosphorus, 97 
free energies, 98 
halides, 101 
oxidation states, 98 
potentials, 102 
Pinacol, 122 
Platinate ion, 196 
Platinic acid, 196 
Platinous sulfide, 194 
Platinum: 
hydroxide, 193 
oxidation states, 193 
potentials, 193, 194 
trichloride, 195 
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Plumbic: 
acetate, 145 
dichromate, 145 
ion,143 
sulfate, 145 
Plumbite ion, 140 
Plumbous: 
halides, 141 
ion,140 
Polonium: 
oxidation states, 80 
oxide, 80 
Polysulfides, 65 
Porphyrexide, 131 
Potassium: 
bromate, 287 
bromide, 286 
carbonate, 287 
chlorate, 287 
chloride, 286 
chloroplatinate, 287 
hydroxide, 286 
iodate, 287 
iodide, 287 
ion, 285 
nitrate, 287 
perchlorate, 287 
permanganate, 287 
potentials, 285 
sulfate, 287 

Praseodymium dioxide, 268 
Protoactinates, 248 
Protoactinium, 248 
Proton affinities, 24 
Pyruvic acid, 120 

Q 

Quinhydrone, 129 
Quinone, 128 

R 

Radium: 
metal, 281 
sulfate, 281 
Rare earths, 266 
Rhenate ion, 226 
Rhenide ion, 227 
Rhenium: 

oxidation states, 225 
sesquioxide, 225 
sulfide, 226 


Rhodium: 
free energies, 203 
ions, 203 

oxidation states, 202 
oxides, 203 
sulfide, 204 
Rubidium: 
carbonate, 288 
chloride, 287 
chlorite, 288 
hydroxide, 287 
ion, 285 
nitrate, 288 
perchlorate, 288 
potential, 285 
sulfate, 287 
Ruthenate, 215 
Ruthenium: 
chloride, 215 
oxidation states, 214 
oxides, 215 

S 

Safranine, 131 
Scandium: 
hydroxide, 265 
oxidation states, 265 
Selenate ion, 76 
Selenic acid, 76 
Selenide ion, 75 
Selenite ion, 75 
Selenium: 
hexafluoride, 76 
oxidation states, 74 
potentials, 74 
Semiquinone, 129 
Sign, conventions, 3 
Silane, 132 
Silicate ion, 133 
Silicic acids, 132 
Silicon: 
dioxide, 132 
free energies, 132 
halides, 134 
oxidation states, 132 
Silver: 
acetate, 181 

ammonia complex ion, 178 
antimonide, 108 
bromate, 179 
bromide, 177 
carbonate, 179 
chloride, 177 
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Silver (Cont,): 
chromate, 180 
cyanate, 179 
cyanide, 177 
ferrocyanate, 180 
iodate, 179 
iodide, 177 
ion, 177 

molybdate, 180 
nitrite, 179 
oxalate, 179 
oxidation states, 176 
oxide, 177 
potentials, 182 
sulfate, 180 
sulfide, 178 
thiocyanate, 177 
thiosulfate, 178 
tungstate, 180 
Sodium: 
bicarbonate, 286 
bromide, 286 
carbonate, 286 
chloride, 285 
fluoride, 285 
hydroxide, 285 
iodide, 286 
ion, 285 
nitrate, 286 
potential, 285 
sulfate, 286 
uranate, 238 
Stannateion, 138 
Stannic: 
chloride, 139 
hydroxide, 138 
ion, 138 

Stannite ion, 137 
Stannous: 
hydroxide, 137 
ion, 137 
sulfide, 137 
Stibine, 108 
Strontium: 
bicarbonate, 278 
carbonate, 278 
chromate, 278 
fluoride, 278 
hydroxide, 277 
iodate, 278 
ion, 277 
oxalate, 278 
oxidation states, 277 
sulfate, 278 


Sulfate ion, 66 
Sulfide, 65 
Sulfoxylic acid, 68 
Sulfur: 
dioxide, 66 
hexafluoride, 72 
oxidation states, 64 
potentials, 65, 74 
Sulfuric acid, 66 
Sulfurous acid, 66 
Sulfuryl chloride, 73 

T 

Tantalic oxide, 247 
Tantalum: 
oxidation states, 246 
pentafluoride, 247 
potentials, 247 
Telluric acid, 78 
Telluride ion, 77 
Tellurite ion, 78 
Tellurium: 
chlorides, 79 
couples, 77 
dioxide, 78 
oxidation states, 77 
Tellurous acid, 78 
Temperature, 2 
Tetraboric acid, 260 
Tetrathionate, 67, 69 
Thallic: 
hydroxide, 154 
ion, 153 
oxide, 154 
Thallium: 

oxidation states, 151 
potentials, 152 
Thallous: 
bromate, 153 
bromide, 152 
chloride, 152 
hydroxide, 152 
iodate, 153 
iodide, 152 
ion, 152 
sulfide, 153 
thiocyanate, 153 
Thioantimonate, 111 
Thioantimonite, 111 
Thioaurates, 186 
Thiocyanate, 128 
Thionic acids, 69 
Thioperrhenate, 226 
Thiosulfate, 67 
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Third Law of Thermodynamics, 9 
ThcJrium: 
dioxide, 266 
hydroxide, 256 
iodate, 256 
oxidation states, 255 
peroxyacid, 256 
potentials, 256 
Tin: 

oxidation states, 136 
potentials, 137 
Titanate ions, 250 
Titanic ion, 251 
Titanium: 
chlorides, 251 
dioxide, 249 
oxidation states, 249 
Titanyl ion, 250 
Tolylboric acid, 262 
Tribromide, 53 
Triiodidc, 67 
Trithionate, 70 
Tungstate, 237 
Tungsten: 
cyanides, 237 
oxidation states, 235 
oxides, 236 

IJ 

Uranium: 
dioxide, 239 
oxidation states, 238 
potentials, 240 
Uranyl ion, 238 
Urea, 131 

V 

Vanadates, 242 
Vanadic: 
acid, 242 
hydroxide, 243 
Vanadium: 
oxidations states, 240 
oxides, 243 
peroxyacids, 244 


Vanadous: 
hydroxide, 243 
ion, 243 

Vanadyl ions, 243 
Volt, 1 

W 

Water: 

ionization constant, first, 28 
ionization constant, second, 30 
oxidation of, 35 

X 

Xanthines, 131 

Y 

Yttrium: 
hydroxide, 265 
ion, 265 

oxidation states, 265 
Z 

Zinc: 

ammonia complex, 156 
carbonate, 158 
cyanide, 157 
hydroxide, 156 
ion, 155 
oxalate, 157 
oxidation states, 155 
sulfide, 157 
Zincate ion, 156 
Zirconates, 253 
Zirconium: 
dioxide, 252 
disulfide, 253 
oxidation states, 252 
Zirconyl: 

hydrogen phosphate, 253 
ion, 253 

I oxalate, 253 
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